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Without water we are nothing. 
Even an emperor, denied water, would swiftly turn to dust. 
Water is the real monarch and we are all its slaves. 
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FIGURE 1: The multiple-barrier approach to ensure drinking water safety 
during water distribution consists of physical integrity of the pipeline, hydraulic 
integrity through positive internal pressure, and chemical integrity in the form 
of a residual disinfectant. 
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FIGURE 2: Reported measures of central tendency (mean or median) and range 
for studies quantifying fecal indicator bacteria in intermittent water supplies. 
(EC – E. coli; FC – fecal coliforms; HPC – heterotrophic plate count; TC – total 
coliforms; TTC – thermotolerant coliforms). 
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FIGURE 3: A schematic of the Monte Carlo framework used to estimate the daily 
probability of infection for Campylobacter, Cryptosporidium, and rotavirus 
assuming the consumption of contaminated tap water from an IWS. 
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FIGURE 4: Sample collection locations from the cross-sectional sampling of the 
Jaipur municipal water supply with groundwater source samples shown in blue, 
surface source samples in green, and mixed source in yellow. 
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FIGURE 5: Box and whisker plots of free and total chlorine measures in 
groundwater samples from tubewells (n=9), surface source (n=8), and mixed 
source (n=4) drinking water samples from the municipal water supply in Jaipur. 
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FIGURE 6: Box and whisker plots of pH and conductivity measures in 
groundwater samples from tubewells (n=10), surface source (n=9), and mixed 
source (n=4) drinking water samples from the distribution network in Jaipur. 
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FIGURE 7: Frequency distribution of total coliform and E. coli counts as 
observed in grab samples from groundwater (n=9), surface source (n=7), and 




FIGURE 8: Frequency distribution of total coliform and E. coli counts as 
observed in DEUF samples from groundwater (n=10), surface source (n=9), and 










FIGURE 9: A schematic of the study design and water quality sampling as 
executed during the 2017 sampling period. We collected samples along the 
drinking water supply chain for an IWS command area (Khamla - green) and a 
CWS command area (Laxmi Nagar Old - purple). 
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FIGURE 10: Boxplots of free chlorine concentration as observed in grab 




FIGURE 11: Turbidity measures as observed at household taps in IWS 
(Khamla) and CWS (Laxmi Nagar Old) command areas in Nagpur. 
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FIGURE 12: Counts of thermotolerant coliforms as observed in grab samples 
from household taps in an IWS versus a CWS service area in Nagpur. 
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FIGURE 13: TTC counts as observed via DEUF at ESRs and household taps in 
IWS (Khamla) and CWS (Laxmi Nagar Old) service areas in Nagpur. 
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FIGURE 14: E. coli counts as observed in grab samples collected from household 




FIGURE 15: E. coli counts as observed via DEUF at ESRs and household taps 
in IWS (Khamla) and CWS (Laxmi Nagar Old) service areas in Nagpur. 
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FIGURE 16: Box plots of observed gene copies of ybbW per liter of drinking 
water at sampling points along the IWS and CWS drinking water delivery chain 
in DEUF concentrate collected from the Nagpur water supply in 2017. 
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FIGURE 17: The proportion of DEUF samples positive for ybbW, a gene 
associated with E. coli, versus proportion of samples in which E. coli was 
detected by culture. 
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FIGURE 18: The proportion of DEUF samples positive for each genetic target 
as observed in taps served by IWS versus those served by CWS in Nagpur. The 
“All Pathogen” category is the aggregate of all the detections of a gene target 
associated with a pathogen across all IWS versus CWS taps. 
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FIGURE 19: The proportion of DEUF samples positive for any gene associated 
with a pathogen and the associated Wilson Score Interval as observed in samples 
from an IWS ESR, IWS Taps, a CWS ESR, and CWS taps in Nagpur. 
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FIGURE 20: Schematic of the mathematical framework developed to estimate 
the probability of infection for each of six waterborne pathogens detected at 




FIGURE B1: Boxplots of the field observed log E. coli counts and the modeled 
log E. coli counts from the normal distribution as parameterized using maximum 
likelihood estimation (MLE). 
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FIGURE B2: Frequency distributions of field-observed and maximum likelihood 
estimated E. coli counts at taps in an IWS. 
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FIGURE B3: Cumulative distribution of E. coli counts in an IWS as observed in 
the field and modeled using a lognormal distribution parameterized using 
maximum likelihood estimation (MLE). 
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FIGURE B4: Record screening flow chart for IBNET records used to estimate 
the global population served by IWS. 
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FIGURE B5: Cumulative distributions of the daily probability of infection with 
Campylobacter and the associated annual burden of disease assuming 
consumption of fecally contaminated tap water from an IWS. 
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FIGURE B6:  Cumulative distributions of the daily probability of infection with 
Cryptosporidium and the associated annual burden of disease assuming 
consumption of fecally contaminated tap water from an IWS. 
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FIGURE B7: Cumulative distributions of the daily probability of infection with 
rotavirus and the associated annual burden of disease assuming consumption of 
fecally contaminated tap water from an IWS. 
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FIGURE B8: Map of the geographic range and estimated magnitude of the 
population served by IWS by country. 
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FIGURE B9:  Cumulative distributions, by etiology and in total, of the annual 
diarrheal burden of disease and deaths attributable to consumption of fecally 
contaminated tap water among the 925 million global users of IWS. 
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FIGURE C1:   Attributable fraction of mild-to-severe diarrhea in 24- to 59-
month olds as measured by molecular methods at three southeast Asian study 
sites during GEMS. Adapted from (131). 
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FIGURE C2: Attributable fraction of mild-to-severe diarrhea in 24- to 59-
month olds as measured by molecular methods are three southeast Asian study 
sites during GEMS with Shigella omitted to allow closer examination of other 
etiological agents. Adapted from (131). 
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FIGURE C3: Attributable fraction of diarrhea in 12- to 24-month olds as 
measured by molecular methods are four southeast Asian study sites during 




FIGURE C4: Example output from manual thresholding in QuantaSoft 




FIGURE C5: Umbrella output from Well A01, a sample spiked with 5 uL of 
BRSV. The y-axis reports the probability of a partition being negative for the 
target based on the fluorescence amplitude distributions observed in the NTC 
and NEC given the observed fluorescence value noted on the x-axis. 
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FIGURE C6: Umbrella results for well H03 an NTC from the BRSV ddPCR 
experiment. The histogram of the fluorescence values reflects the dual banded 
negative cluster observed from the QuantaSoft output in Figure C4. For this 
well all 12,543 droplets have been estimated to have less than a 20% 




FIGURE C7: Correlation between the number of positive droplets by manual 
thresholding and Umbrella thresholding as observed for BRSV process control 
spiked into extracted DEUF concentrates from drinking water samples collected 
in Jaipur, negative extraction control, and no-template-control (n=24). 
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FIGURE C8: Variance in the fluorescence amplitude in the negative clusters as 
observed in the NEC (Well E04), two NTCs (Well F04 and G04), and a 
positive control (Well H04) for the hexon assay experiment. 
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FIGURE C9: Proposed strength-of-evidence paradigm for reporting molecular 




FIGURE C10: Linear model fit to the log of ybbW gc per PCR reaction versus 




FIGURE D1: Overview of sample collection locations in Nagpur during 2015 
and 2017 sampling. Yellow and red markers denote sample collections in 
Reshim Bagh (IWS) and Karve Nagar (IWS), respectively, during 2015. Purple 
markers in the upper left are samples collected from the Pench 2 WTP and 
green and blue markers are samples collected in the Laxmi Nagar Old (CWS) 
and Khamla (IWS) command areas, respectively, in 2017. 
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FIGURE D2: Sample collection locations in Karve Nagar (IWS) in 2015 (red 
markers), Khamla (IWS) in 2017 (blue markers), and Laxmi Nagar Old (CWS) 
in 2017 (green markers). 
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FIGURE D4:  Boxplots of observed water pressure at household service taps in 
an IWS area (Khamla) and a CWS area (Laxmi Nagar Old) in Nagpur. 
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FIGURE D5:  Boxplots of observed turbidity at Khamla ESR and household 
taps (IWS) and Laxmi Nagar Old ESR and household taps (CWS) in Nagpur. 
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FIGURE D6:  Heterotophic plate counts (HPC) as observed in grab samples 
from an IWS and CWS service area during sampling in Nagpur in 2017. 
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FIGURE D7: Proportion of DEUF backflush samples positive for 
thermotolerant coliforms along the CWS versus the IWS drinking water supply 
chain as observed during sampling in 2017. 
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FIGURE D8: Mean TTC counts and associated 95% confidence intervals as 




FIGURE D9: The proportion of grab samples collected from household taps 
positive for E. coli in three IWS service areas (Karve Nagar, Reshim Bagh, 
Khamla) versus a CWS service area (Laxmi Nagar Old). 
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FIGURE D10: E. coli counts at household taps as observed in grab samples 
collected from Karve Nagar (IWS, n=8 countable), Reshim Bagh (IWS, n=9 




FIGURE D11: Proportion of DEUF backflush samples positive for E. coli 
along the CWS versus the IWS drinking water supply chain as observed during 
sampling in 2017. 
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FIGURE D12: Mean E. coli counts and associated 95% confidence intervals as 




FIGURE D13: Quantification of process control BRSV in ddPCR reaction mix 
by manual thresholding and Umbrella thresholding demonstrated perfect linear 
correlation between the two thresholding methods. 
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FIGURE D14: Linear model fit to the log of ybbW gc per PCR reaction versus 
the log of CFU per reaction as observed in DEUF samples from the municipal 
water supply in Nagpur. 
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FIGURE E1: Lognormal model fit to observed concentrations of beta giardin 





FIGURE E2: Lognormal model fit to observed concentrations of Crypto. 18S 




FIGURE E3: Lognormal model fit to observed concentrations of norovirus GI 
and GII ORF1-2 (gc/uL) in ddPCR wells associated with samples collected 
from IWS taps in Nagpur. 
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FIGURE E4: Lognormal model fit to observed concentrations of hexon (gc/uL) 
in ddPCR wells associated with samples collected from IWS taps in Nagpur. 
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FIGURE E5: Lognormal model fit to observed concentrations of STh (gc/uL) in 
ddPCR wells associated with samples collected from IWS taps in Nagpur. 
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FIGURE E6: Lognormal model fit to observed concentrations of ipaH (gc/uL) 
in ddPCR wells associated with samples collected from IWS taps in Nagpur. 
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FIGURE E7: Lognormal model fit to observed concentrations of ybbW (gc/uL) 
in ddPCR wells associated with samples collected from IWS taps in Nagpur. 
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FIGURE E8: Lognormal model fit to observed counts of E. coli (CFU/100 mL) 
at IWS taps as enumerated via DEUF and membrane filtration. 
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FIGURE E9: The cumulative distribution of the daily risk of infection for 
Giardia associated with ingestion of tap water supplied by an IWS in India. 
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FIGURE E10: The cumulative distribution of the daily risk of infection for 




FIGURE E11: The cumulative distribution of the daily risk of infection for 
norovirus associated with ingestion of tap water supplied by an IWS in India as 
estimated by the high-risk dose-response model. 
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FIGURE E12: The cumulative distribution of the daily risk of infection for 
norovirus associated with ingestion of tap water supplied by an IWS in India as 
estimated by the low-risk dose-response model. 
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FIGURE E13: The cumulative distribution of the daily risk of infection for 
adenovirus associated with ingestion of tap water supplied by an IWS in India. 
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FIGURE E14: The cumulative distribution of the daily risk of diarrhea from 







FIGURE E15: The cumulative distribution of the daily risk of infection with 
Shigella associated with ingestion of tap water supplied by an IWS in India. 
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FIGURE E16: The sensitivity of the estimated risk of infection with Giardia to 
model input parameters as assessed by rank order correlation. 
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FIGURE E17: The sensitivity of the estimated risk of infection with 




FIGURE E18: The sensitivity of the estimated risk of infection with norovirus 
(high-risk model) to input parameters as assessed by rank order correlation. 
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FIGURE E19: The sensitivity of the estimated risk of infection with norovirus 
(low-risk model) to input parameters as assessed by rank order correlation. 
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FIGURE E20: The sensitivity of the estimated risk of infection with adenovirus 
to input parameters as assessed by rank order correlation. 
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FIGURE E21: The sensitivity of the estimated risk of infection with ETEC to 
input parameters as assessed by rank order correlation. 
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FIGURE E22: The sensitivity of the estimated risk of infection with Shigella to 
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From 2000 to 2015, an additional 1.2 billion people gained access to a piped-on-premise 
drinking water source. While piped water supplies allow for the convenient delivery of 
water in greater quantity and with improved quality compared to other unimproved sources, 
evidence indicates that piped supplies are still frequently contaminated with fecal pollution. 
This contamination is not without effect. Epidemiology trials have documented increased 
risks of gastrointestinal illness among people receiving their drinking water from deficient 
piped distribution networks.  
One prevalent deficiency is intermittent water supply (IWS). In many settings, water 
distribution systems are intentionally pressurized to distribute water intermittently as a 
response to scarcity of water or other resources. However, this mode of operation exposes 
such supplies to increased likelihood of microbial contamination through stagnation, 
scouring, intrusion, and household-level water handling in response to inconsistent water 
delivery. Increased prevalence of fecal contamination in intermittent compared to 
continuous water supplies (CWS) has been documented. But, the levels of such 
contamination vary both within and between water supplies. Epidemiology trials have 
documented increased risks of typhoid fever, cholera, diarrhea, and gut inflammation 
among children exposed to IWS in certain contexts. 
In the current work, we leveraged quantitative microbial risk assessment (QMRA) to 
estimate the global burden of diarrheal disease associated with IWS. We also used dead-
end ultrafiltration (DEUF) and droplet digital PCR (ddPCR) along with traditional culture-
based methods to assess the microbial water quality at household taps served by IWS in 
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Jaipur and Nagpur, India. Lastly, we leveraged these datasets in another QMRA to estimate 
the risks of infection among those exposed to IWS in India.  
In our initial risk assessment using E. coli counts observed at IWS taps and pathogen to E. 
coli ratios in sewage, we estimated that IWS could account for 17.2 million infections 
causing 4.52 million cases of diarrhea, 109,000 DALYs, and 1,560 deaths among the 925 
million exposed to IWS globally. However, without empirical evidence concerning the 
presence of waterborne pathogens in IWS networks, we relied upon a reference pathogen 
paradigm and pathogen to indicator ratios to quantify human exposure to waterborne 
pathogens via IWS drinking water. 
In response to these limitations, we combined DEUF of large volumes of drinking water 
and ddPCR to achieve sensitive detection and absolute quantification of gene targets 
associated with waterborne pathogens from two IWSs in India. To quantify gene targets 
using ddPCR we adapted existing qPCR assays to droplet digital format and determined 
the 95% limits of detection (LOD) for each one. During our sampling in Jaipur, we detected 
gene targets associated with Cryptosporidium spp., Giardia duodenalis, and 
enterotoxigenic E. coli (ETEC) concurrently with culturable E. coli in groundwater 
samples from tube wells. This groundwater is injected directly into the Jaipur water 
distribution network without treatment and our results indicate it likely poses a significant 
risk to public health. Importantly, we found that the detection limits of our experimental 
workflow were such that detecting and quantifying waterborne pathogens at levels 
corresponding to conservative risk-based standards via DEUF and ddPCR is unlikely 
because it would require the filtration of hundreds of thousands to millions of liters of 
drinking water. 
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In Nagpur, we leveraged the ongoing transition of the municipal water supply from IWS 
to CWS to observe differences in the microbial water quality in intermittent versus 
continuous water supply zones. Physicochemical and fecal indicator bacteria results 
suggest that water quality is more degraded as water is distributed from the municipal 
storage reservoir to the household taps in IWS versus CWS zones; but, many of these 
differences are not significant. We did, however, observe a significant increase in the 
proportion of samples positive for culturable E. coli and gene targets associated with 
waterborne pathogens at household taps served by IWS compared to those served by CWS. 
At household taps served by IWS we detected genes associated with ETEC, Shigella spp., 
norovirus GI and GII, adenovirus, Cryptosporidium spp., and Giardia duodenalis. While 
at household taps served by CWS we only detected genes associated with Cryptosporidium 
spp. in one sample. Our results indicate IWS users are more likely to be exposed to 
waterborne pathogens than CWS users in the same context. 
Finally, we used the resulting dataset from Nagpur and QMRA to estimate the risks of 
infection with six fecal-oral pathogens among the urban population of India where no city 
yet provides continuous water supply. Our model estimates that the daily risks of infection 
for Giardia, Cryptosporidium, norovirus, adenovirus, and Shigella exceed the US EPA 
acceptable annual threshold of 1 in 10,000 at the 10th percentile. Thus, even a single day 
of ingesting tap water from an IWS poses considerable risk. At the 10th percentile of daily 
risk, IWS could account for up to 11 million Giardia infections, 60 million 
Cryptosporidium infections, and 2.17 million Shigella infections annually among the 460 
million urban-dwelling Indians served by IWS. Our estimate of the risk is sensitive to 
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assumptions about the quantitative relationship between genetic elements and infectious 
pathogens. 
Collectively, the results of our work indicate, even given large uncertainty and variability, 
the public health risks associated with IWS likely exceed acceptable levels established by 
the WHO and US EPA. Our environmental microbiology data also indicate that this risk is 
significantly elevated among users of IWS versus CWS in the same context. Our findings 
also indicate that detecting waterborne pathogens in drinking water at levels corresponding 
to risk-based thresholds is unlikely via DEUF and ddPCR since currently formulated 
infection risks would require detecting 1 to 10 pathogenic organisms in hundreds of 
thousands to millions of liters of drinking water. Given this limitation, risk assessment and 
management will likely continue rely on culture-based enumerations with large uncertainty 








Since the Roman empire piped water supplies have been revered as the most reliable means 
of delivering drinking water to households (1). During the Millennium Development Goals 
era, the status of “piped-on-premise” water delivery was bolstered by its classification as 
the highest level of access to drinking water (2). Between 2000 and 2015, an estimated 1.2 
billion people gained access to a piped-on-premise water source – the equivalent of 
connecting the entire population of the United States with a new piped-on-premise water 
service every 5 years for 15 years (3). This tremendous expansion brought the total number 
of people receiving drinking water via a piped supply to 4.7 billion or 64% of the world’s 
population (3).  
Piped-on-premise water delivery is a reliable form of drinking water delivery because it 
conforms with a multiple-barrier paradigm, as illustrated in Figure 1, to protect drinking 
water safety (4). In the ideal scenario, treated drinking water is distributed via structurally 
sound pipelines that prevent contaminants from entering the water. Additionally, the 
drinking water within the pipeline is maintained at a positive pressure so that if there were 
cracks in the pipes, drinking water would leak out of the pipe rather than contaminants 
leaking in. And finally, a residual disinfectant, such as free chlorine, is maintained in the 
drinking water so that if microbial contaminants do enter the pipeline, they are inactivated 
by the disinfectant. However, in the event of a failure in one or more of these barriers or in 
the treatment prior to distribution, piped networks can become efficient transmitters of 
waterborne disease as exemplified during the 1993 Cryptosporidium outbreak in 
Milwaukee, Wisconsin in which 403,000 were estimated to have been sickened (5). 
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FIGURE 1: The multiple-barrier approach to ensure drinking water safety during water 
distribution consists of physical integrity of the pipeline, hydraulic integrity through 
positive internal pressure, and chemical integrity in the form of a residual disinfectant. 
 
Increasing evidence indicates the multiple barriers afforded by piped networks do not 
guarantee water that is microbiologically safe for human consumption. A study of water 
quality from “improved” sources found that piped water supplies in Cambodia (n=142) and 
Vietnam (n=553) delivered water with median counts of E. coli, a bacteria whose presence 
indicates fecal pollution, of 10 and just under 100 CFU or MPN per 100 mL, respectively 
(6). A more comprehensive systematic review of fecal contamination in water supplies 
found that although piped supplies were associated with decreased odds of fecal 
contamination compared to other types of water sources, piped supplies were still 
frequently subject to high levels of fecal contamination with a median of 25% of samples 
positive for fecal indicator bacteria (FIB) and more than half of samples positive for FIB 
in approximately 30% of the studies included (n=119) (7).  
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To quantify the health impacts of such fecal contamination, several epidemiological trials 
have examined the incidence of gastrointestinal illness (GII) among a population 
consuming water as delivered to their home via piped supply compared with a population 
using supplemental point-of-use treatment (8–12). Drinking water-attributable GII in these 
studies ranged from 0.08% to 34%; however, these trials suffer from many limitations 
including a lack of blinding, high dropout rates, and small sample sizes, which ultimately 
result in low statistical power after accounting for random variation (13). A systematic 
review of such trials in distribution systems with known deficiencies in one or more of the 
barriers, the risk of GII among a population drinking tap water without supplemental 
treatment was 1.34 times greater (RR=1.34 95% CI: 1.00-1.79) than a population using 
supplemental treatment (14). The same review found that interruptions in continuous water 
supply (CWS) were associated with a 3.26 times greater risk of GII among consumers 
exposed to such events (95% CI: 1.48 – 7.19). These findings highlight the increased risk 
of disease among users of piped water supplies that are malfunctioning and especially piped 
water supplies that are interrupted during service.  
Intermittent Water Supply 
While most piped water supplies in high-income countries are only rarely interrupted, in 
certain resource-constrained settings water supply is intentionally interrupted. An 
intermittent water supply (IWS) is a piped water supply that delivers water to end-users on 
a discontinuous basis, with days or hours of planned or unplanned interruption, due to 
operational constraints including inadequate access to water or energy, distribution system 
deficiencies, pipe breakages, poor governance or other issues (15). IWS is prevalent in 
many low and middle-income countries (LMICs) (16). From 2004 to 2013, the 
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International Benchmarking Network (IBNET), documented water supply lasting less than 
24 hours per day in 44 of the 102 countries included in the database (17). In the early 2000s, 
the World Health Organization (WHO) estimated that 60% of the population served by 
piped water in Latin America and the Caribbean were served by IWS and that at least one 
in three urban water supplies in Africa and one in two in Asia were operated intermittently 
(18,19). As shown in Table 1, based on these prevalence values and the Joint Monitoring 
Program (JMP) reported urban population receiving piped-on-premise water supply in each 
region, the population served by IWS could be as many as 1 billion people. Further, the 
ongoing rapid development of piped water supplies in LMICs, especially in rural and peri-
urban areas, climate change, and urbanization, together exert increasing pressure on the 
resources required to maintain piped water supply functionality, and suggests that the 
population served by IWS could increase significantly in the coming years (20,21). 
  
5 
TABLE 1: Initial estimate of the global population served by IWS based on the 2015 JMP 














Asia 1,427,000,000 50% 713,500,000 
Africa 215,100,000 33% 70,983,000 
Latin America & 
Caribbean 
473,400,000 60% 284,040,000 
Global 2,115,500,000 -- 1,068,523,000 
 
Microbial Water Quality in IWS 
Given the intentional, and often prolonged, periods of low pressure associated with IWS, 
such supplies are subject to  increased microbial contamination through the intrusion of 
environmental water from outside the pipeline during low-pressure events, microbial 
regrowth during stagnant periods, biofilm scouring during re-pressurization, and household 
storage in response to unreliable supply (16,22,23). As summarized in Table A1, the 
available evidence suggests large variability in the prevalence of fecal contamination in 
IWS networks with the proportion of samples positive for fecal coliforms ranging from 
0.9% to 76% and E. coli from 0.2% to 32%. Quantitative studies of fecal indicators also 
suggest high variability in measures of both central tendency and range with differences 
often spanning several orders of magnitude -- E. coli from 0.5 MPN/100 mL to 520 
CFU/100 mL and fecal coliform from 4 CFU/100 mL to 175 CFU/100 mL as shown in 
Figure 2. In the only study documenting E. coli counts in an IWS compared with a CWS, 
31.7% of samples in the IWS were positive for E. coli while only 0.7% of samples were 




FIGURE 2: Reported measures of central tendency (mean or median) and range for studies 
quantifying fecal indicator bacteria in intermittent water supplies. (EC – E. coli; FC – fecal 
coliforms; HPC – heterotrophic plate count; TC – total coliforms; TTC – thermotolerant 
coliforms). 
 
Many of the studies documenting microbial contamination in IWS networks are cross-
sectional and include a small sample size and, therefore, fail to adequately document the 
temporal and spatial variability of microbial water quality in an IWS. Nonetheless, the best 
available data indicate that fecal contamination is frequently detected in IWS tap water and 
that contamination prevalence is likely to be much greater in an IWS than a CWS. Given 
the observed prevalence of microbial contamination in IWS, maintaining an adequate 
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disinfectant residual is essential to protect water safety. Yet, low disinfectant residuals are 
often observed in water supplies in LMICs, which potentially increases the risk of 
waterborne disease associated with IWS (25).  
It is not surprising then, that fecal contamination in an IWS has been associated with 
epidemics of typhoid in Tajikistan and cholera in Peru (26,27). However, endemic GII 
associated with IWS has proven harder to detect via epidemiologic methods. In the 
previously mentioned meta-analysis, Ercumen concluded that users of IWS had 1.61 times 
greater odds of GII compared to those receiving uninterrupted supply (OR=1.61, 95% CI: 
1.26-2.07) (14). But, larger and more recent trials of IWS and GII have yielded mixed 
results. An analysis of time series data of suspected cholera cases and water supply 
interruptions in the Democratic Republic of the Congo found that in the 12 days following 
a day without water supply the incidence of suspected cholera cases increased 1.55-fold 
(28). Meanwhile, a longitudinal cohort study of IWS and self-reported diarrhea in Hubli-
Dharwad, India found no association between IWS and diarrhea, but did note a higher 
incidence of typhoid fever among children under 5 exposed to IWS compared to CWS (29). 
This epidemiological evidence, summarized in Table A2, suggests that IWS has been 
associated with epidemic transmission of waterborne diseases such as cholera and typhoid, 
but statistically meaningful associations between IWS and endemic GII are more difficult 
to establish. 
Limitations of Epidemiology for Quantifying GII associated with IWS 
As can be observed from the numerous studies cited, historically, epidemiology has been 
the tool used to link drinking water exposure and diarrheal diseases. But there are many 
limitations of epidemiology, especially for measuring the association between disease and 
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civil infrastructure, such as piped water supply. First, the design and construction of piped 
drinking water systems makes randomization, an important strategy to isolate causal 
relationships between interventions and outcomes, logistically, economically, and ethically 
difficult. Second, epidemiology studies connecting drinking water and disease are 
generally not mechanistic in nature and often rely on stratification by various risk factors 
and potential confounders to isolate disease cases attributable to the exposures of interest. 
Often these exposures are not directly measured but are quantified through proxies or 
indicators. Outcomes are also often recorded via subjective measures such as self-reported 
diarrhea and often within unblinded trials. Finally, epidemiological studies often require a 
large sample size to achieve adequate statistical power for low frequency outcomes, such 
as diarrhea in high-income countries and, as a result, are expensive. These design 
limitations make it difficult to interpret and generalize associations between drinking water 
and GII and make robust hypothesis testing via epidemiological trials cost prohibitive. 
Quantitative microbial risk assessment (QMRA) offers an alternative means of quantifying 
associations between drinking water and disease by using stochastic methods and an 
emphasis on characterizing exposures to pathogens to predict risks to human health (30). 
Since its first application to drinking water in 1983, there has been a steady increase in 
applications of QMRA growing from an average of approximately 1 publication per year 
from 1983 to 1993 to an average of 15 publications per year in the last 10 years. QMRA 
has been used to make risk estimates for a variety of waterborne pathogens in drinking 
water including Giardia, Cryptosporidium, various viruses, and bacteria, and is now 
advocated in the WHO’s Guidelines for Drinking-water Quality and for water safety 
management (31–38). QMRA has been used in the United States (US) to formulate 
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drinking water regulations, including the Surface Water Treatment Rule (39–41). The 
technique has also been applied to assess risks in a broad range of drinking water exposure 




CHAPTER 2: ESTIMATING THE GLOBAL BURDEN OF DIARRHEAL DISEASE 




Citation for the published manuscript: 
 
Bivins, A. W., Sumner, T., Kumpel, E., Howard, G., Cumming, O., Ross, I., … Brown, J. 
(2017). Estimating Infection Risks and the Global Burden of Diarrheal Disease 
Attributable to Intermittent Water Supply Using QMRA. Environmental Science and 






Intermittent water supply (IWS) is prevalent throughout low and middle-income countries. 
IWS is associated with increased microbial contamination and potentially elevated risk of 
waterborne illness. We used existing datasets to estimate the population exposed to IWS, 
assess the probability of infection using quantitative microbial risk assessment, and 
calculate the subsequent burden of diarrheal disease attributable to consuming fecally 
contaminated tap water from an IWS. We used reference pathogens Campylobacter, 
Cryptosporidium, and rotavirus as conservative risk proxies for infections via bacteria, 
protozoa, and viruses, respectively. Results indicate that the median daily risk of infection 
is an estimated 1 in 23,500 for Campylobacter, 1 in 5,050,000 for Cryptosporidium, and 1 
in 118,000 for rotavirus. Based on these risks, IWS may account for 17.2 million infections 
causing 4.52 million cases of diarrhea, 109,000 diarrheal DALYs, and 1,560 deaths each 
year. The burden of diarrheal disease associated with IWS likely exceeds the WHO health-
based normative guideline for drinking water of 10-6 DALYs per person per year. Our 
results underscore the importance water safety management in water supplies and the 






Given the global prevalence of IWS, the observed fecal contamination in such supplies, 
and the absence of unambiguous epidemiological evidence concerning the endemic health 
risks associated with IWS, QMRA offers a potentially useful tool for characterizing the 
risk of infection for fecal-oral pathogens associated with IWS and the attributable burden 
of diarrheal disease (49). QMRA can make use of relevant microbiological datasets 
alongside mathematical models to estimate the health effects of human exposures to 
pathogens (30). QMRA has been used to estimate the health risks associated with drinking 
water for a number of waterborne pathogens including viruses, bacteria, and protozoa, and 
for a variety of exposure scenarios, including intrusion of groundwater, surface water, and 
sewage (42,44,50,51). The application of QMRA in LMICs has been limited by scarcity of 
the data required to populate models. However, QMRA approaches have been used to 
estimate public health risks attributable to piped water supplies in Kampala, Uganda, and 
Accra, Ghana (52,53). Such studies demonstrate the viability of the approach and its 
importance in risk management in resource limited settings such as those where IWS is 
prevalent. In this chapter, we use QMRA to estimate the global burden of infection, 









Briefly, we used Monte Carlo techniques to estimate the risks of infection associated with 
human exposures to three reference pathogens (Campylobacter, Cryptosporidium, and 
rotavirus) through the consumption of contaminated tap water delivered by an IWS. We 
made use of three existing datasets: E. coli measurements in IWS tap water samples, 
measured pathogen to E. coli ratios in sewage, and published dose-response models to 
estimate the risk of infection. We fit probability distributions to each input dataset and 
executed Monte Carlo simulations in Oracle Crystal Ball software (Oracle Crystal Ball, 
Release 11.1.2.4.600 32-bit; Redwood Shores, CA). We then used the predicted median 
annual risk of infection for each reference pathogen and an estimate of the number of IWS 
users to quantify a global burden of diarrheal disease, including disability adjusted life 
years (DALYs) and deaths, associated with IWS. This manuscript is organized using the 
conventional QMRA framework consisting of hazard identification, exposure assessment, 
dose-response and risk characterization (54). The framework for the risk assessment model 
as implemented is illustrated in Figure 3. 
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FIGURE 3: A schematic of the Monte Carlo framework used to estimate the daily 
probability of infection for Campylobacter, Cryptosporidium, and rotavirus assuming the 
consumption of contaminated tap water from an IWS. 
 
Hazard Identification 
In the absence of published measurements of waterborne pathogens in an IWS, we utilized 
a reference pathogen approach (36). I selected Campylobacter jejuni, Cryptosporidium 
parvum, and rotavirus as reference pathogens, following the model development guidance 
articulated in the WHO Guidelines for Drinking-water Quality (GDWQ) and supporting 
documentation (36,37,55,56). While these reference pathogens may not represent the 
greatest microbial drinking water exposure risks globally, they can be used as conservative 
proxies for each of the major waterborne pathogen classes in risk estimation. They also 
have well-characterized dose-response relationships, moderate to long persistence in water 
supplies, high infectivity, and moderate to high resistance to chlorine, making them suitable 
as proxies in risk estimation for waterborne pathogens (36). 
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Campylobacter is a pathogenic bacterium that has caused disease outbreaks associated with 
contaminated drinking water supplies (57,58). It has a low infectious dose with symptoms 
including diarrhea, fever, nausea, and vomiting, with rare sequelae (Guillain-Barré 
syndrome) (59,60). Cryptosporidium is a protozoan parasite that has caused large outbreaks 
of disease through transmission in piped water supplies (5). The infectious dose of 
Cryptosporidium has been estimated to be as low as 1 to 10 oocysts with most infections 
leading to acute diarrhea, with increased risks of serious illness and death among 
immunocompromised individuals (60,61). Although commonly associated with hygiene-
related transmission, rotavirus has caused significant waterborne disease outbreaks in Rio 
de Janeiro, Colorado, and China (62–64). One rotavirus particle is capable of initiating an 
infection leading to fever, vomiting, and acute diarrhea and, in low income settings, 
presents a significant risk of death among children (60,65). The selection of 
Campylobacter, Cryptosporidium, and rotavirus as reference pathogens is supported by 
findings from the Global Enteric Multicenter (GEMS) Study and a multisite birth cohort 
study (MAL-ED) that identified each of them as important etiological agents of moderate-
to-severe cases of diarrhea among children under 5 in LMICs (66–68). 
Dose-Response 
The probability of infection following ingestion of a dose of Campylobacter or rotavirus is 
best fit by an approximate beta-Poisson function, Equation 1, characterized by the median 
infectious dose, N50, the beta distribution parameter alpha, α, and the dose, d (59,65,69). 
Probability of infection for ingesting Cryptosporidium is best characterized by an 
exponential dose-response function, Equation 2, described by parameters k, and the 
ingested dose, d (70). For each reference pathogen, we used the dose response parameters 
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from previously published dose-response fittings and modeled them using lognormal 
probability density functions (PDF) as described in Table 2 (71). 







   (1) 
 
𝑃𝑖𝑛𝑓(𝑑) = 1 − 𝑒
(−𝑘∗𝑑)    (2) 
 
Exposure Assessment 
In an IWS, periods of low-pressure allow contamination from sewage, groundwater, 
surface water, or other environmental waters to intrude into the pipelines through holes and 
cracks (72). When the system is re-pressurized to deliver water to consumers, contaminated 
water is transported to the taps where it is either used upon delivery or stored for later use. 
Due to a lack of robust datasets on water quality following household storage due to IWS, 
our analysis considers the risks of infection posed by IWS if the drinking water were 
consumed the moment it arrives at the tap (i.e., point-of-entry), without considering re-
growth, inactivation, recontamination in storage via unsafe handling practices, or point-of-
use water treatment and further storage (6). Quantifying the dose of pathogen ingested at 
the moment of exposure as shown in Equation 3 is termed exposure assessment. 
𝐷𝑜𝑠𝑒 (𝑑) = 𝐶 𝑝𝑎𝑡ℎ𝑜𝑔𝑒𝑛,   𝐼𝑊𝑆 (
𝑁
𝑚𝐿
) ∗  𝑉𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑,   𝐼𝑊𝑆 (𝑚𝐿)   (3) 
 
We modeled water consumption in milliliters (Vwater consumed, IWS) as a uniform PDF 
with a minimum of one thousand per day and maximum of two thousand per day based on 
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the use of one liter per day in WHO risk estimates and two liters per day for adult drinking 
water consumption in the United States (36,73). To estimate the PDF for the concentration 
of each reference pathogen (Cpathogen, IWS), in the absence of direct measurements of 
pathogens in IWS tap water, we used a previously developed method of quantifying 
waterborne pathogens in water distribution networks using pathogen to E. coli or 
thermotolerant coliform ratios (42,51). In this approach, the number of pathogens per 
volume of drinking water is calculated by multiplying the concentration of E. coli measured 
in IWS tap water by the observed ratio of pathogen to E. coli in a potential source of fecal 
contamination, in this scenario sewage, as shown in Equation 4. 
𝐶𝑝𝑎𝑡ℎ𝑜𝑔𝑒𝑛,   𝐼𝑊𝑆 (
𝑁
100𝑚𝐿
) = 𝐶𝐸.  𝑐𝑜𝑙𝑖,   𝐼𝑊𝑆  (
𝑁
100 𝑚𝐿












We developed a PDF of the E. coli count in IWS tap water using data from three studies of 
fecal contamination in IWS systems in three locations: Kandal Province, Cambodia; Da 
Nang Province, Vietnam; and Hubli-Dharwad, India (24,74,75). These studies were 
selected because of their large sample size and use of robust methods to quantify E. coli. 
We log transformed the E. coli counts and used maximum likelihood techniques to 
parameterize the normal distribution that maximized the likelihood of obtaining the 
observed values. For values below and above detection limits, we used the value of the 
cumulative normal distribution function to incorporate these censored measures into the 
maximum likelihood estimation (MLE) per previously described methods (76). We 
estimated the log transformed E. coli counts to be normally distributed with mean of 0.17 
and standard deviation of 1.57 as shown in Table 1. Boxplots of log E. coli counts from 
each study, the pooled dataset, and the MLE model (Figure B1) show that the quartiles, 
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median, and mean of the underlying data compare well with the modeled distribution. The 
frequency and cumulative distributions (Figures B2 and B3) indicate that the MLE model 
of the E. coli count is comparable to the underlying field observed E. coli distributions. 
For the second term of Equation 4, we developed PDFs of the ratio of each reference 
pathogen to E. coli in raw sewage using paired measurements from sewage. Paired 
measures from sewage sources specific to locations where IWS is prevalent could not be 
found in the literature, so we used observations from a sewage treatment plant in the 
Netherlands (ratio of Cryptosporidium and enterovirus to thermotolerant coliforms) and 
German sewer systems (ratio of Campylobacter to E. coli) (77,78). Since robust 
measurements of thermotolerant coliform measurements in IWSs were unavailable in the 
literature, we assumed that 95% of thermotolerant coliforms in the measured ratios were 
E. coli. Additionally, we substituted rotavirus for enterovirus in the observed ratio. We 
used the previously described MLE technique on the log transformations of the observed 
ratios to parameterize the normal distribution that maximized the likelihood of observing 
the documented measures. The probability distributions and parameters for the reference 
pathogen to E. coli ratios in are summarized in Table 2. 
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TABLE 2: Descriptive statistics of the probability density functions used to model each 
stochastic parameter in the Monte Carlo simulation of the IWS QMRA to estimate the 

















Mean: 1.51 x 10-1 
Std. Dev.: 5.90 x 10-2 
Mean: 1.69 x 103 
Std. Dev.: 2.78 x 103 
(59) 
(69) 
Cryptosporidium k Lognormal 
Mean: 3.44 x 10-1 









Mean: 2.48 x 10-1 
Std. Dev.: 1.46 x 10-1 
Mean: 8.16 
Std. Dev.: 6.65 
(65) 
 





Tap Water Consumption Uniform 
Min: 1 L 
Max: 2 L 
(36,73) 
Log E. coli count in IWS tap water Normal 
Mean: 0.17 
Std. Dev.: 1.57 
(24,74,75) 
Campylobacter to E. coli ratio in 
sewage 
Lognormal 
Mean: 8.89 x 10-3 
Std. Dev.: 1.33 
(78) 
Cryptosporidium to fecal coliform 
ratio in sewage 
Lognormal 
Mean: 1.13 x 10-6 
Std. Dev.: 9.26 x 10-6 
(77) 
rotavirus to fecal coliform ratio in 
sewage 
Lognormal 
Mean: 8.79 x 10-7 




To test the mathematical framework and plausibility of the proposed model, we first made 
point estimates of the daily and annual risk of infection, and the subsequent diarrheal 
burden of disease. After we reviewed the point estimates, we entered each stochastic 
variable using the PDFs as described and conducted Monte Carlo simulations in Crystal 
Ball. Each variable was drawn 10,000 times per the PDF that describes it and each 
individual input was propagated through the described equations to produce a distribution 
of the daily probability of infection.   We estimated the median, mean, their associated 
confidence intervals, and percentiles of the probability of infection by bootstrapping the 
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model with 200 samples of 1,000 trials each. We evaluated the sensitivity of the estimated 
risks of infection to changes in the input variables by means of tornado analysis and rank 
correlation. In the tornado analysis, we varied each input from its 10th to 90th percentile 
and measured the associated variability in the predicted risk of infection while holding all 
other inputs constant. Rank correlation was determined using Spearman’s rank correlation 
between each input variable and the predicted risk of infection. 
Population Served by IWS Estimate 
We made a robust estimate of the population served by IWS by projecting the IBNET 
reported prevalence of intermittent service onto JMP measures of access to piped-on-
premise water supplies (79). The IBNET database contains more than 22,000 records from 
119 countries dating from 1995 to 2014 (80). Each record consists of a single utility’s self-
reported performance data for a single year. For this analysis, we used only the most recent 
record from any single utility that contained both the number of hours the utility supplied 
water per day and the number of people it supplied. To exclude supply interruptions for 
repairs and maintenance associated with normal operations in a CWS, we defined an IWS 
as a utility reporting less than an average of 23 hours per day of service. We further limited 
our analysis to utilities reporting from countries defined as LMICs by the World Bank. 
After we removed records that were incomplete, outdated, or from high income countries, 
2,591 records pertaining to utilities serving over 773 million people in 91 LMICs were 
included in the analysis (Figure B4). After screening, we stratified utilities reporting IWS 
into WHO regions and calculated an average percentage of utilities in that region that were 
such. We then bootstrapped this average percentage using 10,000 iterations to estimate 
95% confidence intervals for each region. We then calculated the average and 95% 
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confidence interval for the global estimate similarly. To calculate the magnitude or persons 
served by IWS for each WHO region and globally, we multiplied the estimated percentages 
and confidence intervals by the number of persons receiving their drinking water from a 
piped-on-premise supply for each WHO region per the 2015 JMP Update. 
Burden of Disease Calculations 
We combined the probabilities of infection for each reference pathogen with the estimated 
number of IWS users by region to calculate the total number of infections, cases of 
diarrhea, diarrheal disability-adjusted life years (DALYs), and deaths attributable to the 
consumption of fecally contaminated tap water from an IWS. Following previously 
articulated methods, it was assumed that the probability of a case of diarrheal illness given 
infection with Campylobacter was 30% with 100% of the population susceptible, 
Cryptosporidium was 70% with 100% of the population susceptible, and rotavirus was 
50% with 13% of the population susceptible (36,81). The DALY weighting used in the 
burden of disease calculations for Campylobacter was 4.6 x 10-3 DALYs per case, 
Cryptosporidium was 1.47 x 10-3 DALYs per case, and for rotavirus in low-income 
countries was 0.482 DALYs per case (81). We calculated deaths attributable to infection 
with each reference pathogen assuming probability of mortality for Cryptosporidium of  
10-5 per case of diarrhea, probability of mortality due to gastroenteritis associated with 
Campylobacter of 10-4 per case of diarrhea and probability of mortality associated with 
rotavirus of 0.6% per case of diarrheal illness (81). We also assumed that 2.3% of 
Campylobacter cases develop Guillain-Barré syndrome with an associated probability of 
mortality of 2 x 10-4 (81). We compared the estimated annual burdens of diarrheal disease 
to the level of acceptable risk from drinking water of 10-6 DALYs per person per year as 
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proposed by the WHO (36). This threshold represents an excess risk of 1 in 100,000 and 
equates to everyone experiencing one mild self-limiting case of diarrhea every 10 years 
due to the consumption of unsafe water. 
 
 




Point Estimates of Infection Risks 
We made point estimates of the daily and annual risk of infection, and the annual burden 
of diarrheal disease, for each reference pathogen using median values of the observed E. 
coli concentration in IWS tap water (1.3 CFU/100 mL) along with median values of the 
ratio of reference pathogen to E. coli in sewage, tap water consumption, and dose-response 
parameters. These point estimates indicate that, of the pathogens considered, 
Campylobacter poses the greatest risk of infection, possibly due to the greater ratio of 
Campylobacter to E. coli observed in sewage from Germany (78). At the median E. coli 
value in IWS tap water, the annual burden of diarrheal disease for Campylobacter and 
rotavirus both exceed the WHO threshold value of 10-6 DALYs per person per year (Table 
B1). When the mean E. coli concentration observed in IWS tap water is used, the annual 
burden of diarrheal disease for each reference pathogen exceeds this threshold (Table B2). 
For comparison, point estimates of infection risks and burden of diarrheal disease were 
also calculated for each pathogen using pathogen to E. coli ratios in untreated wastewater 
as documented in the Table 7.6 of the GDWQ (36). As shown in Table B3, the ranking of 
pathogens by risk of infection remains consistent between the GDWQ pathogen to E. coli 
ratios and the pathogen to E. coli ratios used in the model. 
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Monte Carlo Estimates of Infection Risks 
The median daily probabilities of infection predicted by the Monte Carlo simulations, 
summarized in Table 3, are consistent with the point estimates with the highest risk 
associated with Campylobacter (4.26 x 10-5 95% CI: 1.92 x 10-5 – 7.89 x 10-5) followed by 
rotavirus (8.47 x 10-6 95% CI: 3.77 x 10-6 – 1.77 x 10-5) and Cryptosporidium (1.98 x 10-7 
95% CI: 8.31 x 10-8 – 3.71 x 10-7). These translate to median annual probabilities of 
infection of 1.54% for Campylobacter, 0.309% for rotavirus, and 0.007% for 
Cryptosporidium. The upper bounds of the daily probability of infection, as defined by the 
90th percentile and shown in Table 3, were 25% for Campylobacter, 0.34% for 
Cryptosporidium, and 7.3% for rotavirus. The cumulative distributions of the daily 
probability of infection for each reference pathogen, shown in Figures B5, B6, and B7, 
illustrate that the mean daily risk of infection for each reference pathogen was greater than 
the 80th percentile. For this reason, we used the median risks of infection and their 
associated confidence intervals to make a conservative calculation of the diarrheal burden 




TABLE 3: Median, 10th percentile, and 90th percentile daily probabilities of infection for 
each reference pathogen assuming consumption of fecally contaminated tap water from an 













Campylobacter 2.11 x 10-12 
4.26 x 10-5 
95% CI: 1.92 x 10-5 – 7.89 x 10-5 
2.50 x 10-1 
Cryptosporidium 1.21 x 10-14 
1.98 x 10-7 
95% CI: 8.31 x 10-8 – 3.71 x 10-7 
3.43 x 10-3 
rotavirus 5.62 x 10-13 
8.47 x 10-6 
95% CI: 3.77 x 10-6 – 1.77 x 10-5 
7.32 x 10-2 
 
Model Sensitivity 
For Cryptosporidium and rotavirus, most of the variation in the predicted risk of infection 
was explained by the E. coli count in IWS tap water (Cryptosporidium: 45.86%; rotavirus: 
81.42%) followed by the pathogen to E. coli ratio (Cryptosporidium: 32.75%; rotavirus 
9.79%). For Campylobacter, the opposite was observed with 85.44% of the variation 
explained by the Campylobacter to E. coli ratio followed by the E. coli count in IWS tap 
water with 8.52%. The dose response parameters for each pathogen explained most of the 
remaining uncertainty followed by the tap water consumption variable.  The sensitivity 
analysis summarized in Tables B4, B5, and B6, highlights the importance of the E. coli 
counts in IWS tap water and the ratio of the reference pathogens to E. coli in estimating 
the risk of infection in the current assessment. 
Global Population Served by IWS 
Our preliminary estimate of the IWS population based on WHO reports and the 2015 JMP 
data and summarized in Table 1, found that approximately 1 billion people were likely 
exposed to IWS. The results of our more robust estimate made using IBNET and JMP data, 
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listed in Table B7, indicate that the global population served by IWS is 925 million (95% 
CI: 670 – 1,130 million) with almost half (44.2%) of those exposed living in South-east 
Asia and a significant number living in India (Figure B8). 
Diarrheal Burden of Disease Calculations 
Given the estimated population served by IWS and the median annual infection risk, the 
reference pathogens together account for 17.2 million (95% CI: 7.76 – 32.3) infections 
annually among IWS users.  Of these infections, 83% are attributable to Campylobacter, 
17% to rotavirus, and less than 1% to Cryptosporidium. These infections cause 4.52 million 
(95% CI: 2.04 – 8.36) cases of diarrhea annually with Campylobacter accounting for 95% 
of these cases while Cryptosporidium and rotavirus account for 1% and 4% each. These 
cases of diarrhea cause 109,000 DALYs (95% CI: 48,800 – 223,000) and 1,560 deaths 
(95% CI: 699 – 3,150) per year. Burden of disease estimates based on the median infection 
risks are summarized by WHO region in Table 4. Rotavirus accounts for 82.1% of annual 
diarrheal DALYs and deaths, while Campylobacter accounts for 18.1% of DALYs and 
deaths. In this exposure scenario, Cryptosporidium accounts for less than 1% of both 
annual DALYs and deaths among users of IWS. The burden of disease stratified by 
etiology is tabulated in Table B8. The predominance of rotavirus in the annual diarrheal 
disease burden is driven by its high DALY weighting in LIMCs (0.482 per case) along 
with its high LMIC case fatality rate (0.6%). Campylobacter’s burden of disease is driven 
by its high risk of infection, one order of magnitude greater than rotavirus, and population 
susceptibility of 100%.  While it is also assumed that 100% of the population is susceptible 
to diarrheal disease from Cryptosporidium infection, the median infection risk for the 
organism is two orders of magnitude less than that of Campylobacter. 
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TABLE 4: Annual infections, diarrheal cases, DALYs, and deaths attributable to IWS as 
calculated using the median daily probability of infection and its associated 95% 
confidence interval for Campylobacter, Cryptosporidium, and rotavirus assuming 






















0.973 – 4.06 
0.566 
95% CI: 
0.256 – 1.05 
196 
95% CI: 88 
– 395 
13.7 







0.394 – 1.64 
0.229 
95% CI: 
0.104 – 0.424 
79 
95% CI: 36 
– 160 
5.55 








0.864 – 3.60 
0.503 
95% CI: 
0.227 – 0.930 
174 
95% CI: 78 
– 351 
12.2 
95% CI: 5.43 – 
24.8 
Europe, LMI 71.0 
1.32 
95% CI: 
0.596 – 2.48 
0.346 
95% CI: 
0.157 – 0.641 
120 
95% CI: 54 
– 242 
8.38 










0.902 – 3.69 
691 
95% CI: 
309 – 1,390 
48.3 










0.395 – 1.62 
302 
95% CI: 
135 – 609 
21.1 




95% CI: 7.76 
– 32.3 
4.52 




699 – 3,150 
109 
95% CI: 48.8 – 
223 
 
The cumulative distributions of the annual burden of diarrheal disease for each reference 
pathogen, shown in Figures B5, B6, and B7, indicate that the annual burden for 
Campylobacter exceeds the WHO health threshold (10-6 DALYs/person-year) at the 39th 
percentile, Cryptosporidium at the 62nd percentile, and rotavirus at the 33rd percentile. 
The cumulative distributions of total diarrheal DALYs and deaths among the 925 million 
global users of IWS, shown in Figure B9, indicate that the upper bounds, as defined by the 
90th percentile, are 30.9 million diarrheal DALYs and 394,000 deaths. 
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Uncertainties and Limitations 
As with all QMRA approaches, there are uncertainties and limitations in the input variables 
that should be accounted for when interpreting the results. A significant source of 
uncertainty for our risk is the absence of direct measurements of pathogen concentrations 
in IWS distribution networks. Without these measurements, across settings and time, we 
relied on estimated concentrations of reference pathogens by proxy using fecal indicator 
bacteria measurements and ratios of pathogens to indicators in possible sources of 
contamination. Concerning fecal indicator bacteria, we were only able to pool data from 
three high-quality studies conducted in India, Cambodia, and Vietnam. These studies 
represent a small portion of the geographical range of IWS, globally, and include no data 
from South America and sub-Saharan Africa. The E. coli datasets used in this analysis also 
do not include first flush data when fecal indicator concentrations may be much higher 
(22,82). Further, the pooled dataset consists of E. coli measurements from both urban and 
rural supplies, which prevents stratifying infection risk by urban and rural location, a 
potential risk factor for contamination in piped water supplies (7). Together, these two 
uncertainties prevent us from examining the variation in risk across geographic and human 
settlement location and we are confined to providing an estimate of risk across all IWS 
users.  
Concerning ratios of pathogens to indicators in potential sources of contamination, the 
correlation between pathogens and indicators in any medium have proven highly variable 
(83). In raw sewage, the concentration of indicator bacteria is fairly constant whereas the 
concentration of pathogens varies as a function of the infection prevalence in the 
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contributing population (84,85). Thus, it is important to characterize the ratio using a 
distribution to capture this variability.  There are few published datasets of pathogen to E. 
coli ratios in sewage particularly in LMICs; in this study, we derived ratios using datasets 
from the Netherlands and Germany. These datasets likely underestimate the pathogen 
loadings in sewage in LMICs where higher prevalence of diarrheal infection could result 
in increased pathogen concentrations relative to indicators in sewage (86). For example, 
the mean ratio of norovirus GII to E. coli measured in wastewater drains and wastewater-
impacted streams was around 6.3 x 10-4 in Accra, Ghana, which is several orders of 
magnitude higher than the ratio assumed for rotavirus in this study (87). The pathogen to 
E. coli ratios used in this study likely lead to risk estimates that are conservative. 
Sources of uncertainty can also be found in the assumptions underlying exposure 
assessment. First, in the absence of untreated tap water consumption data from LMIC 
settings, we modeled daily tap water consumption as a uniform distribution from 1 to 2 
liters based on exposure scenarios articulated in EPA and WHO estimates (36,73). This 
probability distribution is not likely to be representative of water consumption behavior in 
settings where supplies are deficient and consumer behaviors include a complex system of 
household water management (6). Second, the scenario being modeled is the consumption 
of drinking water as it is delivered to the tap. This behavior is unlikely in an IWS where 
users, who are accustomed to supply interruptions, may obtain water from multiple sources 
and often store water in tanks, cisterns, and other containers for hours to days before the 
water is used. Household water handling and storage involve several risk factors for 
contamination, such as unsafe storage and access; including these behaviors in the model 
would likely increase the estimated risks of infection (88,89). On the other hand, some 
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households with IWS may employ point-of-use water treatment systems, which mitigate 
the risks posed by contamination if operated correctly and consistently over time. High-
quality datasets of E. coli measurements in household storage facilities and household 
water treatment behavior in an IWS remain limited and make accounting for such variables 
in a risk framework difficult (24). It should be noted that this risk assessment does not 
include scenarios beyond daily consumption of drinking water. Therefore, the estimated 
risks of infection and subsequent burden of disease calculations do not include infection 
and disease from water quantity related behaviors such as food and hand washing or the 
use of water for household hygiene, which are likely modulated by the water scarcity 
associated with IWS. 
Further uncertainty is introduced to the risk assessment by the population-specific dose-
response functions for the reference pathogens used in the model. The dose-response data 
for each of the reference pathogens were collected in human feeding studies conducted in 
high-income settings with healthy, and generally, for rotavirus, male, adults. These dose-
response functions may underestimate the risk of infection for persons living in LMICs, 
including children under five who suffer disproportionately from enteric disease, and 
attendant risks associated with non-diarrheal effects of exposure including the range of 
effects potentially associated with environmental enteric dysfunction (EED) and its 
potential downstream impacts (66,90). For each reference pathogen, the only disease 
endpoint considered was diarrhea, which neglects other, potentially more severe health 
outcomes such as stunting and chronic undernutrition related to EED (91). These dose-
response functions also do not consider the risk of infection among people living in LMICs 
who may be more susceptible to infections due to compromised immune status or who, 
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conversely, may benefit from acquired immunity due to endemic exposure. Additionally, 
dose-response models do not yet take into account the effects of co-infection, which is 
prevalent in LMIC settings and may lead to increased risks of infection and longer-term 
sequelae. The risks associated with unsafe water are co-distributed in populations that are 
also at risk of undernutrition, high prevalence of co-infections, and other risk factors that 
would tend to exacerbate the effects of waterborne pathogen exposure. Risk estimates do 
not consider the elevated risks likely for infants, children, the undernourished, the 
immunocompromised, and those who are unlikely to receive timely treatment for diarrheal 
disease (e.g. oral rehydration therapy), which can dramatically reduce the risk of mortality 
among children in particular (92). 
Besides the previously mentioned limitations in estimating the risks of infection, further 
sources of uncertainty in the burden of disease calculations include the both the estimates 
of the IWS population and the diarrheal disease weighting metrics. In regard to the 
population exposed to IWS, the JMP piped-on-premise measures do not include those who 
receive water from standpipes served by distribution systems. Additionally, the IBNET 
database relies on self-reported data from utilities that are mostly located in urban areas. 
Taken together, our estimates using these assumptions likely underestimate the population 
exposed to IWS. For the diarrheal disease per-case burden, the use of rotavirus per-case 
DALY weighting for LMICs instead of that for high-income countries increases the overall 
burden of disease and means the rotavirus burden has an outsized effect on the overall 
burden estimates. For instance, in LMICs, the rotavirus DALY weighting is 0.482 per case 
with a case fatality rate of 0.6%; in high-income countries, the recommended DALY 
weighting is only 0.0142 per case and the case fatality rate is 0.015% (81). We have 
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presented the burden of disease based on the LMIC metrics, but we also provide alternative 
calculations with the high-income parameters in Table B9. 
Data Gaps 
A recent review proposed a comprehensive research agenda relating to IWS (16). Our study 
further supports this agenda by identifying key data gaps for estimating the health risks 
attributable to IWS at the population level. First, there is a clear need for direct pathogen 
measurements from IWS networks in a range of settings, as water quality impacts may vary 
widely depending on local conditions. Such measurements could be used as direct input 
for a refined IWS risk assessment and could also be used to develop more robust pathogen 
to indicator ratios that can be applied to specific settings vis-a-vis fecal indicator 
measurements. Additionally, for enumeration of fecal indicators, larger volumes of water 
should be assayed to lower the detection limit to levels more appropriate for risk 
assessment. Another research area concerns consumer behavior with regard to tap water 
consumption, household water management and treatment, and household water 
contamination. Our risk assessment utilized tap water consumption data from settings that 
are probably not representative of the complex water management behavior often observed 
among IWS users. A more accurate estimate of the health risks associated with IWS must 
include these household behaviors in the exposure assessment model. This study also 
underscores the need for dose-response models that are specific to LMIC settings where 
acquired immunity, co-infections, and host susceptibility could dramatically alter the 
infection probabilities associated with ingesting microbial pathogens. Lastly, there is a 
need for a more robust estimate of the global population served by IWS. The estimate used 
in this analysis was based on the projection of IBNET data onto the JMP estimates of the 
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global population served by piped-on-premise water supplies, and a simple dichotomy 
between “intermittent” and “continuous” without accounting for the degree of 
intermittency (15). It is likely that this underestimates the total number of people served by 
IWS. 
Policy Implications 
Piped water supplies rely on multiple barriers including pipeline integrity, positive 
pressure, and chlorine residual to maintain the safety of the drinking water they deliver 
(93). These barriers, traditionally considered redundant, are more likely to fail 
simultaneously in the resource-constrained settings where IWS is prevalent. Our risk 
assessment indicates that the 925 million users of IWS are likely exposed to DALY burdens 
that exceed the WHO health threshold for each of the three reference pathogens considered. 
The predominance of risk due to the bacterial and viral pathogens in our estimate 
underscore the importance of an adequate chlorine residual in IWS distribution networks 
as a potential strategy to mitigate health impacts in the absence of massive investments to 
upgrade piped networks. Similarly, proper and consistent household water treatment and 
storage could mitigate the microbial risks of piped water supplies that are operated 
intermittently (94).  
The Millennium Development Goal era has seen rapid expansion in coverage of piped 
water supplies, delivering a wide range of health and non-health benefits to communities 
(2). Increasing urbanization and population growth are likely to continue this trend. As 
more households connect to water supply networks, however, greater attention is needed 
on microbial risks associated with distribution systems, including those associated with 
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intermittent function. Accounting for these risks highlights the need for continued 
investment in provision of microbiologically and chemically safe water globally.
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CHAPTER 3: LEVERAGING DEUF AND DDPCR TO DETECT WATERBORNE 
PATHOGENS AT LEVELS RELEVANT TO RISK-BASED STANDARDS: A CASE 








Quantitative microbial risk assessment relies upon robust characterization of human 
exposure to infectious microbes to make reasonable estimates of health risks. For 
assessments of the health risks attributable to distributed drinking water, the exposure 
assessment often relies on measures of fecal indicators and pathogen to indicator ratios as 
proxies for actual measurements of pathogens. In the work described here, we used dead-
end ultrafiltration (DEUF) and droplet digital PCR (ddPCR) to detect and quantify genes 
associated with waterborne pathogens in an intermittent water supply in Jaipur, India. We 
adapted previously described qPCR assays to droplet digital format and determined 95% 
limits of detection (LOD) for each assay. We interpreted the results of our ddPCR 
experiments using both manual and model-based thresholding. Our results highlight 
several important findings. First, statistical interpretations of ddPCR results require that 
extraction methods previously developed for qPCR be optimized for ddPCR which is 
sensitive to slight variations in fluorescence amplitude in negative clusters. Second, 
groundwater from urban Jaipur, which is not treated prior to distribution, is likely an 
important source of waterborne disease as we detected genes associated with 
Cryptosporidium spp., Giardia duodenalis, and ST-ETEC in samples from tube wells. And 
lastly, the 95% LODs observed for the ddPCR assays combined with the DEUF workflow 
indicate that without significant additional improvements in the amount of drinking water 
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filtered and downstream concentration, waterborne pathogens can only be detected and at 
levels well above those required by risk-based standards. Thus, exposure assessments of 
distributed drinking water will continue to rely on various forms of indicator and 







Quantitative microbial risk assessment (QMRA) has been found to be a useful tool for 
managing drinking water safety (38). A recent comparison of QMRA-estimated risks and 
epidemiologic observations found reasonable agreement between the two for outbreaks of 
Cryptosporidium and Giardia (95). However, this agreement is predicated on the 
availability of dose-response models that characterize the population of interest and 
accurate measurements of the relevant pathogens in the exposure medium. Such measures 
of waterborne pathogens are often unavailable, especially when considering risk 
assessments of distributed drinking water. In water distribution networks, there is great 
uncertainty and variation in pathogen concentration due to the complex physicochemical 
processes underway in piped networks (96). Consequently, risk assessments of distributed 
drinking water have relied upon measures of fecal indicator organisms and ratios of 
waterborne pathogens to these indicators in potential sources of contamination with sewage 
often assumed as the worst case scenario (42,51,97,98). The end result of this approach is 
great uncertainty at the moment of exposure via ingestion of drinking water. Sensitivity 
analyses associated with two QMRAs of distributed drinking water indicate that the 
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estimated risks at the time of exposure are most sensitive to the concentration of the 
microbial contaminant (97,99). Therefore, measures of waterborne pathogens in distributed 
drinking water at levels relevant to public health are vital to improving our understanding 
of health risks attributable to piped water supplies. 
The concentration of waterborne pathogens acceptable in distributed drinking water is 
defined by the acceptable risk of infection (100). The United States Environmental 
Protection Agency (US EPA) defines acceptable risk as an annual infection risk not to 
exceed 1 in 10,000 persons (40). However, given actual rates of waterborne illness in the 
US, a risk of 1 infection in 1,000 persons per year has been suggested  (32). If we assume 
a constant and independent daily probability of infection, we can estimate the daily 
probability of infection required to realize an annual risk of 1 in 10,000 persons or 1,000 
persons by calculating one minus the 365th root of one minus the daily probability of 
infection (30). An annual risk of infection of 1 in 10,000 equates to a daily risk of infection 
of 2.74 x 10-7 (1 in 3.65 million), while 1 in 1,000 annual equates to 2.74 x 10
-6 (1 in 365 
thousand). The WHO defines acceptable risk via a burden of disease metric using the 
disability adjusted life year (DALY) as 10-6 DALYs per person per year, which, when 
subject to the same assumptions regarding constant and daily disease burden, equates to a 
daily burden 2.74 x 10-9 DALYs. By adopting the reference pathogens of the Guidelines 
for Drinking-Water Quality (GDWQ) and their associated dose-response functions and 
disease burden metrics, and assuming a daily tap water consumption of 1 liter, we can 
estimate the concentration of each reference pathogen required to exceed the acceptable 
risk levels as shown in Table 5 (36). 
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TABLE 5: Concentration of reference pathogens at which the annual infection risk is equal 
to the EPA level of acceptable risk for drinking water, an annual infection risk of 1 in 10 
persons, and the WHO acceptable risk level for drinking water as calculated assuming a 
daily consumption of 1 liter of drinking water and the mean dose-response parameters as 






1 IN 10,000 
ANNUAL 
INFECTION RISK: 




3.14 CFU in 
100,000 liters 
3.32 CFU in  
100 liters 
2.28 CFU in  
10,000 liters 
Cryptosporidium 
4.79 oocysts in 
1,000,000 liters 
5.05 oocysts in 
1,000 liters 
4.66 oocysts in 
100,000 liters 
rotavirus 
5.87 FFU in 
10,000,000 liters 
6.19 FFU in  
10,000 liters 
8.27 FFU in 
10,000,000 liters 
 
Based on these estimates, detecting and quantifying waterborne pathogens at 
concentrations equivalent to currently formulated acceptable risk limits seems unrealistic. 
These calculations also indicate that traditional methods of assessing water quality such as 
enumerating fecal indicator organisms via membrane filtration or spread plating of 
drinking water are inadequate for quantifying risks to the lowest thresholds, because test 
volumes are often only a few hundred milliliters (101–105). Additional uncertainty 
regarding the relationship between fecal indicators and waterborne pathogens also makes 
it difficult to quantify risks to public health using traditional fecal indicator measurements 
(83). For example, if Campylobacter were enumerated via membrane filtration and culture 
performed on ten 100 mL volumes of water, the limit of detection (LOD) would be 1 CFU 
per liter and the lowest risk quantifiable at this limit using the same dose-response 
parameters would be a daily probability of infection of 8.4 persons in 1,000 and an annual 
probability of infection of 95.5 persons in 100 (almost 10,000 times the EPA acceptable 
risk level).  
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These brief calculations demonstrate the need for microbiological methods that will allow 
for the assay of large volumes of water and the sensitive and specific detection of 
waterborne pathogens in these volumes. The pairing of two newly developed methods in 
environmental microbiology hold promise for improving the reliable detection and 
quantification of waterborne pathogens in drinking water at concentrations more 
informative for assessing and managing risk.  
First is the use of ultrafiltration to concentrate microbes from large volumes of water 
(106,107). Tangential-flow ultrafiltration (TFUF) has proven to be an effective method for 
the simultaneous recovery of bacteria, protozoa, and viruses from large-volume drinking 
water samples (106–108). In their experiments, Hill, Polaczyk, and colleagues found that 
after ultrafiltration backflushing with solutions of sodium polyphosphate (NaPP), Tween 
80, and Antifoam A or Y-30 Antifoam Emulsion yielded higher recoveries than elution 
(106,107). Sodium polyphosate acts as a dispersant that increases repulsion between 
negatively charged microbes and ultrafilter surfaces (109). Tween 80 is a surfactant that 
minimizes hydrophobic interactions between microbes and the ultrafilter surface, while 
Antifoam A or Y-30 antifoam emulsion minimize the foaming associated with the addition 
of the surfactant (110).  
 
Because TFUF requires a complex configuration, dead-end ultrafiltration (DEUF) was 
developed as a simpler configuration for the recovery of microbes from water in field 
settings (111). In tests of low- and mid-range turbidity (0.29 NTU and 1.5 NTU, 
respectively) drinking water samples seeded with microbes, DEUF followed by 
backflushing led to average recoveries of 93% for E. faecalis, 57% for MS2 phage, 94% 
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for C. perfrigens spores, and 87% for C. parvum oocysts (111). While for high-range 
turbidity (4.3 NTU) drinking water samples, mean recoveries were 78% for E. faecalis, 
73% for MS2 phage, 57% for C. perfringens spores, and 83% for C. parvum oocysts. 
DEUF has also performed well in recovering microbes from surface water samples with 
turbidities much higher than those typically observed in drinking water. For surface water 
samples with mean turbidities ranging from 16 to 92 NTU, recovery efficiencies of 85%, 
81%, 66%, 63%, and 49% were observed for enterococci, E. coli, MS2 phage, C. 
perfringens spores, and C. parvum oocysts, respectively (112).  
The second promising development is the use of droplet digital polymerase chain reaction 
(ddPCR) for the absolute quantification of nucleic acid templates (113,114).  As Pinheiro 
and Hindson describe, in ddPCR a typical qPCR reaction is fractionalized into tens of 
thousands of nano-liter sized reaction volumes. Thermal cycling is performed and, when 
present, the target is amplified in an individual droplet with an associated increase in the 
fluorescence amplitude of that droplet. Following thermal cycling, the fluorescence 
amplitude of individual droplets is measured using a flow cytometer and droplets are 
classified as either positive for the target or negative based on a fluorescence threshold. 
Finally, the absolute copy number of the target is estimated using a most probable number 
technique with an assumed Poisson distribution, the observed proportion of droplets 
positive, and the volume of each droplet.  
Droplet digital PCR has been used to quantify Salmonella in river sediments, Shiga-toxin-
producing E. coli (STEC) in bovine feces, foodborne pathogens in soft cheeses, and fecal-
indicators in environmental water (115–117). The method shows great promise for the 
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detection of waterborne pathogens in drinking water due to its reported sensitivity and 
resilience to inhibitory substances (118–120).  
Importantly, previous application of molecular methods downstream of DEUF indicate that 
ddPCR is a viable means of assaying DEUF concentrates. When DEUF concentrates were 
assayed using real-time (qPCR) and reverse transcriptase real-time (RT-qPCR) polymerase 
chain reaction, no inhibition was associated with the addition of the backflushing reagents 
(107). The quality of the tap water, however, was found to affect the performance of 
molecular methods when 100 liter samples were assayed using qPCR and RT-qPCR, but 
no single water quality parameter was associated with increasing crossing point thresholds 
(108). During recovery experiments, MS2 and Cryptosporidium were consistently detected 
in concentrates via qPCR and RT-qPCR (112). These data indicate that DEUF and ddPCR 
could be paired for sensitive detection of microbes in drinking water. 
Herein, we report on the application of DEUF and ddPCR to detect and quantify genetic 
elements associated with waterborne pathogens in drinking water samples collected from 
the municipal water supply in Jaipur, India. Jaipur is the capital of the northern semi-arid 
state of Rajasthan and receives an average of 600 millimeters of rainfall annually (121).  
Until the early 2000s, the residents of Jaipur (currently 3 million) received their drinking 
water exclusively from groundwater sources (122,123). But, overexploitation of aquifers 
for irrigation has caused drastic water table decline making dependence on groundwater 
for drinking increasingly untenable (124,125). In 2006, Jaipur was allocated surface water 
from Bisalpur Dam, 120 km southwest of the city, and by 2009 the city was augmenting 
its groundwater wells with surface water (122). Before being pumped from the dam to the 
city, raw surface water is subjected to filtration and chlorination at the Surajpura Water 
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Treatment Plant (122). Once it arrives in the city, the surface water (275 MLD) along with  
extracted groundwater (97 MLD) is distributed to 162 water supply zones via a network of 
pipelines, elevated storage reservoirs (ESR), and pump stations (122). The distribution 
network is operated intermittently with each supply zone receiving 1.5 to 3 hours of 
pressurized distribution per day (122,126).  
In conjunction with a study of geogenic contaminants and with assistance from staff of the 
Ground Water Department and the Public Health Engineering Department of the 
Government of Rajasthan, we conducted a cross-sectional sampling of municipal drinking 
water in Jaipur in May of 2017 (127). 
 
 




We collected paired grab (n=23) and DEUF (n=22) samples at various points in the Jaipur 
water distribution network including groundwater tube wells, surface water distribution 
pipelines, and mixed source water from ESRs. Although our sampling locations were a 
convenience sample, we sought to collect water from locations in the distribution system 
where groundwater and surface water were hydraulically isolated, as well as mixed source 
locations that were spatially distributed throughout the municipal water supply as shown 
in Figure 4. 
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FIGURE 4: Sample collection locations from the cross-sectional sampling of the Jaipur 
municipal water supply with groundwater source samples shown in blue, surface source 




At the time of sample collection, we measured physicochemical parameters including free 
chlorine, total chlorine, pH, conductivity, and total dissolved solids (TDS). We measured 
total and free chlorine using the US EPA DPD Colorimetric Method and a Hach Pocket 
Colorimeter II spectrophotometer (Hach, Loveland, CO) (128). We measured pH, 
conductivity, and TDS by electrode using a Hanna Low Range Combo Tester (Hanna 
Instruments, Woonsocket, RI) (129). 
Fecal Indicator Bacteria by Culture 
During each sampling event, we collected 500 mL grab samples in Whirl Pak bags pre-
dosed with sodium thiosulfate to quench residual chlorine (Nasco, Fort Atkinson, WI). In 
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the time between collection and processing, we stored and transported all samples on ice. 
We enumerated total coliforms and E. coli in two 100 mL replicates from each grab sample 
by membrane filtration and selective media incubation per EPA Method 1604 (with 
modification) (104). We performed membrane filtration within 8 hours of sample 
collection using a Del Agua Filtration Set (Del Agua, Fyfield, UK). We incubated each 
replicate along with positive and negative controls at 35°C for 24 hours on Compact Dry-
EC plates (Hardy Diagnostics, Santa Maria, CA). Following incubation, we counted both 
total coliforms and E. coli on each plate following the manufacturer’s instructions for 
color-based identification and reported the counts in colony forming units (CFU) per 100 
mL. 
Dead-End Ultrafiltration 
At each sampling location in Jaipur, we also concentrated suspended solids including 
microbes from large volumes of drinking water by DEUF following a CDC protocol. 
Because of the superior hydraulic performance noted by Smith and Hill, we used the 
Rexeed 25S dialyzer (Asahi Kasei Kuraray Medical Company, Tokyo, Japan), with a 
molecular weight cut off (MWCO) of 30 kilodaltons and an effective surface area of 2.5 
m2, for DEUF (111). Where possible, we connected to water sampling points via sterile 
Masterflex L/S 36 Platinum-Cured Silicone tubing (Cole Parmer, Vernon Hills, IL) and 
utilized the pressure in the piped network to force the drinking water through the dialyzer. 
When system pressure was inadequate, we collected drinking water in sterilized plastic 
buckets and filtered from the buckets using a Geotech Geopump (Geotech, Denver, CO). 
We recorded the volume of water we filtered using a totalizing flow meter (Clark Solutions, 
Hudson, MA). Immediately following filtration of each drinking water sample, we flushed 
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the dialyzer with a 500 mL 1% sodium thiosulfate solution to quench residual chlorine. In 
the laboratory, we backflushed each dialyzer into a sterile 500 mL bottle using a 500 mL 
0.5% Tween 80, 0.01% NaPP, and, 0.001% Antifoam Y-30 emulsion solution as described 
by Smith and Hill (111). The volume of solution recovered during backflush ranged from 
350 to 450 mL. We enumerated total coliforms and E. coli in the backflush solution using 
membrane filtration and culture as previously described and a series of 1:10 dilutions to 
achieve countable plates. Following culture-based enumeration in the backflush, we 
estimated the number of E. coli and total coliforms per 100 mL volume of drinking water 
using the backflush volume, bacterial recoveries as noted by Smith and Hill, and the total 
volume of drinking water filtered. 
PEG Precipitation and Ultracentrifugation 
After enumerating the E. coli and total coliforms in the backflush, we further concentrated  
it using polyethylene glycol (PEG) precipitation and ultracentrifugation (106,112). As 
described by Mull and Hill, we performed PEG precipitation using a 12% PEG 8000, 0.9 
M NaCl, and 1% bovine serum albumin solution. After addition of the reagents and mixing 
thoroughly by slow hand shaking, we incubated the samples overnight at 4°C. Following 
incubation, we centrifuged 300 mL of the PEG-precipitated solution in six 50 mL 
centrifuge tubes at 10,000 times gravity at 4°C for 30 minutes. We slowly poured off the 
resulting supernatant and resuspended the pelleted material in each tube using 667 uL of a 
1X phosphate-buffered saline (PBS), 0.01% Tween 80, and 0.001% Y-30 emulsion 
solution. We then recombined the resuspended pellets from each tube and the resulting 
volume of resuspended concentrate ranged from 3 to 4 mL. We stored the DEUF 
concentrate for each sample at -20°C until we pre-treated using UNEX lysis buffer and 
44 
bead beating as described in the next section. Following pre-treatment, we transported the 
samples at room temperature for approximately 36 hours to the laboratory in Atlanta, GA 
where we froze them at -80°C until extraction and further molecular analysis. 
Nucleic Acid Extraction 
We performed nucleic acid extraction using a universal extraction buffer, UNEX 
(Microbiologics, St. Cloud, MN), as developed by the CDC. In comparative testing of the 
UNEX buffer compared to other commercially available kits, samples extracted from large 
volume water samples with UNEX had comparable crossing threshold (CT) values during 
qPCR (130). UNEX buffer has also been previously used to extract concentrates from 
DEUF for downstream molecular analysis (108,112). We extracted the DEUF concentrate 
following the protocol for nucleic acid extraction from parasites in water samples as 
detailed in the manufacturer’s instructions for use. Briefly, we added 500 uL of DEUF 
concentrate, 500 uL of UNEX buffer, and 5 uL of Inforce 3 Bovine Vaccine (Zoetis, 
Parsippany, NJ) (our process control containing bovine respiratory syncytial virus, BRSV, 
and bovine herpes virus, BoHV) to an SK-38 bead tube (Bertin Corp, Rockville, MD) and 
incubated the mixture for 15 minutes at room temperature and then bead beat the mixture 
for 2 minutes. Following bead beating, we centrifuged the bead beating tubes and 
transferred 500 uL of the supernatant into a HiBind mini column (Omega BioTek, 
Norcross, GA) and centrifuged at 10,000 times gravity for 1 minute. We then washed the 
column with 100% ethanol and 70% ethanol consecutively. Finally, we eluted the purified 
nucleic acids from the column using 100 uL of 10 mM Tris-1mM EDTA (pH 8.0) buffer 
and measured the resulting concentration of DNA or RNA using a Qubit Fluorometer 
(Invitrogen, Carlsbad, CA). With each extraction batch we included a negative extraction 
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control and an Inforce 3 only control (500 uL of molecular water and 5 uL of Inforce 3). 
We stored the purified nucleic acid from each sample and the controls at -80°C until 
molecular analysis or reverse transcription.  
Reverse Transcription 
Prior to ddPCR assay for RNA targets, we performed reverse transcription of RNA to 
cDNA using a High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 
(ThermoFisher Scientific, Waltham, MA). We performed reverse transcription (RT) per 
the manufacturer’s instructions by adding 10 uL of nucleic acid extract to 10 uL of RT 
master mix. The kit utilizes a random hexamer primer method to initiate cDNA synthesis 
through the enzymatic activity of MultiScribe Reverse Transciptase. Following completion 
of RT, we stored the resulting cDNA at -80°C until ddPCR interrogation with a maximum 
storage length of five days. 
Microbes of Interest and Molecular Assays for ddPCR 
We selected microbes of interest for molecular analysis on the basis of diarrheal disease 
etiologies from several sites in southeast Asia as observed in the Global Enteric Multicenter 
Study (GEMS) and the Malnutrition and Enteric Disease Study (MAL-ED) as summarized 
in Figures C1, C2, and C3 (67,131). Based on their associations with diarrheal disease in 
South Asian settings, we selected Shigella/enteroinvasive E. coli (EIEC) and 
enterotoxigenic E. coli with heat stable toxin (ST-ETEC) as bacterial microbes of interest, 
Cryptosporidium spp. and Giardia spp. as protozoan targets, and norovirus GI, norovirus 
GII, and adenovirus A-F as viral targets of interest. We did not select rotavirus as a viral 
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target due to the rollout of rotavirus vaccination programs in India which could confound 
our detection of wildtype rotavirus in drinking water via ddPCR (132). 
To test the DEUF concentrate for the selected pathogens, we adopted previously published 
qPCR assays and adapted them to ddPCR. To maximize the possibility of detection of 
adenovirus, we selected an assay targeting adenovirus types A to F via the hexon gene, 
which encodes a major capsid protein (133). For norovirus GI and GII, we selected assays 
which target the ORF1/ORF2 junctions for each genotype (134,135). To detect Shigella 
spp. and enteroinvasive E. coli (EIEC), we selected an assay targeting the invasion plasmid 
antigen H gene (136). We tested DEUF concentrates for enterotoxigenic E. coli (ETEC) 
via an assay targeting the gene that encodes human heat stable toxin (STh) (137). We tested 
for Cryptosporidium using an assay targeting the genetic sequence encoding the 18S rRNA 
as developed for molecular testing in the GEMs and MAL-ED trials (138,139). Lastly, we 
tested for Giardia duodenalis using an assay that targets the beta giardin gene (140). 
In addition to waterborne pathogens, we also performed molecular analysis for genes 
associated with microbial indicators E. coli and male-specific coliphage (MS2). For  E. 
coli, we selected a qPCR assay targeting the ybbW gene, a putative allantoin transport 
protein, for adaptation to ddPCR because the assay has demonstrated 100% sensitivity and 
specificity for the bacteria as compared to 16S and 23S assays which demonstrate lower 
specificities for E. coli (141–144). For the detection and quantification of MS2, we selected 
an assay targeting the MS2g1 gene, which encodes a maturation protein, as the ddPCR 
assay based on published use of MS2 as an internal control in reverse transcriptase 
polymerase chain reaction (RT-PCR) assays for viral targets (67,145). We screened all 
primer, probe, and control material sequences via NCBI BLASTn to corroborate the 
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reported specificities and ordered all positive control genetic materials from Integrated 
DNA Technologies (Coralville, IA). All assays and relevant information including 
GenBank Accession numbers, sequences, and alignment positions are summarized in Table 
6 for pathogens and Table C1 for control assays. 
We performed all ddPCR workflow following the manufacturer’s recommended protocol 
using a QX200 Droplet Generator, PX1 PCR Plate Sealer, C1000 Touch Thermal Cycler, 
and QX200 Droplet Reader (Bio-Rad, Hercules, CA) (146). For singleplex probe-based 
assays (MS2g1; beta giardin), we added each primer and the probe to achieve final 
concentrations of 900 nM and 250 nM, respectively. Whereas for multiplexed probe-based 
assays (noroGI/noroGII; hexon/ipaH; Crypto. 18S rRNA/STh), we added each primer and 
probe to achieve final concentrations of 650 nM and 250 nM, respectively. For the ybbW 
EvaGreen assay, we added each primer to achieve final concentrations of 250 nM. For all 
assay types and formats the final reaction volume was 20 uL including molecular-grade 
water, ddPCR Supermix for Probes or ddPCR EvaGreen Supermix (Bio-Rad, Hercules, 
CA), primers, probe, and 4 uL of extract or RT product from each sample. We included 
negative extraction controls, sample blanks, no-template controls, and an assay appropriate 
positive control with each ddPCR experiment. Each plate also included three randomly 
selected technical replicates and three randomly selected biological replicates for a total 
replication rate of 27%. We estimated the 95% limit of detection (LOD) for each ddPCR 
assay using positive control materials prepared in a serial dilution series and probit analysis 
as described by Stokdyk et al. (147). 
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Adapting qPCR Assays to ddPCR 
We optimized the annealing temperature for each assay using temperature gradients 
following the manufacturer’s recommendations (146). We used a two-step optimization by 
first running reactions with positive control materials and a 10°C annealing temperature 
gradient followed by a second narrower 4°C annealing temperature gradient. Following the 
second temperature gradient experiment, we selected the annealing temperature that 
achieved the greatest difference between the positive and negative droplet fluorescence 
amplitudes. To further minimize the quantity of droplets with ambiguous fluorescence 
amplitudes between the positive and negative clusters, known as rain, we set the 
temperature ramp rate to 2°C per second consistent with the findings of a systematic 
investigation of rain in a ddPCR assay for Listeria monocytogenes (148). Per the findings 
of Witte and colleagues, we also increased the denaturation temperature from 94 to 95°C 
for G/C rich templates and increased the annealing and extension time from 1 to 2 minutes 
for amplicons longer than 100 bp. The final thermal cycling conditions for each assay are 
summarized in Tables C2 and C3. 
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TABLE 6: Primer and probe sequence information for qPCR assays as adapted to ddPCR for interrogation of DEUF concentrate from 



























































































































Interpreting ddPCR Results 
In ddPCR, the concentration of a gene target in the reaction mix is estimated by means of 
a most probable number according to a Poisson distribution as shown in equation 1, where 
y is the number of droplets void of the target, m is the total number of droplets, and v is the 










  (1) 
Droplets are classified as either positive or negative for the gene target based on their 
measured fluorescence amplitude following thermal cycling and a threshold; thus, 
thresholding is critical for accurate quantification in ddPCR assays (149). However, user-
based thresholding creates opportunity for bias in the interpretation of ddPCR results (150). 
We estimated the concentration of target genes in our ddPCR assays using both a manual 
user-determined threshold in QuantaSoft (V1.7.4; Bio-Rad, Hercules, CA) and a model-
based classification called Umbrella implemented in RStudio (Version 1.1.456; RStudio 
Team, 2015) (151). Briefly, the Umbrella package as devised by Jacobs et al. utilizes the 
fluorescence amplitude distributions of droplets from negative controls and a sample well 
to estimate the proportion of droplets negative in the sample and then uses Bayes’ theorem 
to estimate the probability that each individual droplet is negative for the target based on 
the observed fluorescence amplitude for that droplet. The package then reports an estimate 
of the concentration based on the regression estimated proportion of droplets negative 
(“robust estimate”) and an estimate based on the number of droplets with less than a 5% 
probability of being negative, which we refer to as the Umbrella threshold. For full details 
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RESULTS AND DISCUSSION 
 
During May 2017, we collected 24 paired grab and DEUF samples from throughout the 
Jaipur municipal water supply as shown in Figure 4. Due to a pump failure at the first 
sample tube well, DEUF samples 1 and 2 are a composite sample from two different tube 
wells located within a few hundred meters of one another, yielding a total of 23 unique 
grab samples and DEUF samples. All samples were collected from the piped water supply, 
but from points such that various source water types could be isolated. The sample set 
included 10 samples from groundwater sources (tube wells), 8 samples from surface water 
sources (ESRs and pipelines), 4 samples of mixed sources (1 household storage tank and 
distribution pipelines), and 1 sample from an unknown mixture.  
Physicochemical Results 
We measured total and free chlorine in 22 samples. Due to possible interference from 
oxidized iron and manganese in the samples, any chlorine value less than 0.1 mg/L was 
denoted as less than the method reporting limit (MRL). Of the nine groundwater samples 
where total and free chlorine were measured, all but one was less than the MRL for free 
chlorine and all but two for total chlorine. We detected free chlorine above the MRL in 
88% (7/8) of surface source and 75% (3/4) of mixed source drinking water samples from 
the distribution network. We detected total chlorine above the MRL in all samples from 
the distribution network. The Indian Standard Drinking Water Specification requires that 
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treated water intended for drinking have a minimum free chlorine residual of 0.2 mg/L and 
suggests a minimum of 0.5 mg/L when disinfection of viruses is desired (152). We 
observed less than 0.2 mg/L of free chlorine in two of the 12 samples collected from the 
distribution network and less than 0.5 mg/L of free chlorine in five of the 12. No sample 
exceeded the WHO free chlorine guideline value of 5 mg/L (36). Box and whisker plots 
summarizing our findings are shown in Figure 5. 
  
 
FIGURE 5: Box and whisker plots of free and total chlorine measures in groundwater 
samples from tubewells (n=9), surface source (n=8), and mixed source (n=4) drinking 
water samples from the municipal water supply in Jaipur.  
 
We measured pH and conductivity in a total of 23 samples. The pH and conductivity 
measurements, summarized in Figure 6, reflect samples collected from two distinct sources 
groundwater and surface water, and samples from a mixture of the two. The pH in 
groundwater samples was consistently lower than the pH measured in surface water and 
the mixed water is between the two. The same pattern is observed in the conductivity 





FIGURE 6: Box and whisker plots of pH and conductivity measures in groundwater 
samples from tubewells (n=10), surface source (n=9), and mixed source (n=4) drinking 
water samples from the distribution network in Jaipur. 
 
Fecal indicators by Culture Results 
We enumerated total coliforms and E. coli in 20 grab samples -- 9 in groundwater from 
tube wells, 7 in surface water from the distribution network, and 4 from mixed source water 
from the distribution network. The frequency distributions of the observed counts are 
shown in Figure 7. Total coliforms and E. coli were below the detection limit for all 
samples from surface water. For mixed source drinking water, E. coli was below the 
detection limit in each sample and total coliforms were below the detection limit in 75% 
of samples. In groundwater on the other hand, total coliforms were detected in 44% of grab 
samples and E. coli was detected in 22% of samples. The Indian Standard Drinking Water 
Specification requires that E. coli is not detected in 100 mL of any water intended for 
drinking. During our sampling event, 90% of the grab samples met this criteria (152). Per 
the WHO’s Guidelines for Drinking-Water Quality (GDWQ), for a city with a population 
greater than 100,000 persons such as Jaipur, 90% of samples negative for E. coli would 




FIGURE 7: Frequency distribution of total coliform and E. coli counts as observed in grab 
samples from groundwater (n=9), surface source (n=7), and mixed source (n=4) drinking 
water samples from the distribution network in Jaipur. 
 
We collected 23 DEUF samples and enumerated total coliforms and E. coli from the 
backflush.  We filtered a total of 2,407.9 liters during DEUF sampling with an average of 
104.7 liters, a minimum volume of 60.0 liters, and a maximum of 161.1 liters. To back 
calculate the number to bacteria in the original drinking water matrix in CFU per 100 mL 
(CDW) we took the count of bacteria per mL in the backflush (CBF) and multiplied by the 
total volume of the backflush in mL (VBF). We then divided the result of this product by 
the product of the recovery efficiency (η, assumed to be 100% to estimate a conservative 
lower bound), the volume of drinking water filtered in liters (VDEUF) and a conversion 






  (2) 
The frequency distributions of total coliform and E. coli counts in DEUF samples are 
shown in Figure 8. We detected total coliforms in 83% of the DEUF samples including all 
four mixed source samples. We did not detect culturable E. coli in any surface water DEUF 
sample but we did detect it in 70% of groundwater DEUF samples and 25% of mixed 
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DEUF samples. E. coli were too numerous to count (TNTC) in 2 of 10 groundwater, and 1 
of 4 mixed water DEUF samples. Only five DEUF samples, all from groundwater, yielded 
countable quantities of E. coli with a mean of 48.4 CFU per 100 mL and a standard 
deviation of 60.2 CFU per 100 mL. 
  
 
FIGURE 8: Frequency distribution of total coliform and E. coli counts as observed in 
DEUF samples from groundwater (n=10), surface source (n=9), and mixed source (n=4) 
drinking water samples from the distribution network in Jaipur. 
 
ddPCR LODs 
Based on serial dilution experiments with control materials spiked into sample blanks, we 
estimated the per reaction concentration at which 95% of ddPCR replicates are expected to 
be positive (95% LOD). The LODs for each assay are summarized in Table C2. The lowest 
LOD observed was 1.5 gene copies (gc) per reaction for hexon (adenovirus A-F); while 
the highest observed was 5.9 gc per reaction for the ORF1-2 target of norovirus GII. Based 
on the concentration factors associated with our previously described workflow and the 
range of drinking water volumes filtered, the ddPCR sample LODs can be propagated to 
equivalent LODs in the drinking water column. For example, the beta-giardin assay (LOD 
1.7 gc/reaction) combined with the 161-liter filtration volume observed for one sample 
would yield an equivalent water column LOD of 6.3 gc per liter of drinking water, 
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assuming 100% recovery efficiencies for DEUF backflushing, PEG precipitation, and 
ultracentrifugation (detailed concentration factor calculations are shown in Table C4). For 
an RNA target from this same sample, such as norovirus GI (LOD 5.7 gc/reaction) the 
equivalent water column LOD would be 42.5 gc per liter of drinking water. As shown in 
Table C4, once the sample 95% LOD is established for each assay, the equivalent LOD in 
the drinking water column is a function of the volume of drinking water filtered by the 
dialyzer, the efficiency of DEUF recovery, the efficiency of the PEG precipitation and 
ultracentrifugation recovery, and the volumetric ratios of material flows into and out of 
each processing step. 
Interpreting ddPCR Results 
We began our analysis of the ddPCR results by inspecting the results of the qualitative 
process control spike of RNA virus BRSV via the Inforce 3 bovine vaccine. We interpreted 
successful detection of this control within a sample by ddPCR to indicate successful 
extraction, reverse transcription, and amplification. Following ddPCR, we detected BRSV 
in each sample by both manual and Umbrella thresholding with zero false positive droplets 
in the negative extraction controls (NECs) and no-template control (NTCs). Example 
Umbrella output along with detailed explanations of both manual thresholding and 
Umbrella are shown in Figures C4, C5, and C6. We observed perfect correlation between 
the number of droplets determined to be positive by manual thresholding and droplets 
called positive by Umbrella thresholding (Figure C7). 
We analyzed the results of ddPCR for each molecular target in a systematic manner. First, 
we considered the results from the NECs, NTCs, and positive controls (PCs). Metrics of 
interest included the droplet false positive rate in the NECs and NTCs by both manual and 
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Umbrella thresholding and the successful detection of positive droplets in the PC. We 
compared manual and Umbrella thresholding results using five classifications for each 
reaction on the 96-well plate. First were wells we defined as “problematic” where the 
Umbrella threshold estimated concentration was one or more orders of magnitude greater 
than the manual thresholding concentration. Next were wells we termed “discordant 
detections” where the target was detected by one thresholding method but not by the other. 
Third were wells we termed “concordant detections” where the target was detected by both 
thresholding methods. Finally, for both the manual thresholding and Umbrella thresholding 
we also tallied the detections below and above the 95% LOD. We report the tabulated 
classifications stratified by assay in Table 7. 
We observed zero false positive droplets in all negative controls across all assays for 
manual thresholding. Whereas for Umbrella thresholding we observed 1 false positive 
droplet in a negative extraction control for MS2g1, 5 false positive droplets (4 in an NEC, 
and 1 in an NTC) for ipaH, and 5 false positive droplets in an NEC for hexon. In each of 
these instances, the misclassification is caused by increased variance in the negative 
amplitude cluster of the NEC or NTC compared to another NTC on the plate. This increase 
causes a few of the outlying droplets associated with the negative cluster to be classified 
as positive in the Umbrella output. As an example, variances in the fluorescence amplitude 





TABLE 7: ddPCR analysis performance metrics tabulated for manual and Umbrella 
thresholding stratified by molecular assay as observed in ddPCR assays of DEUF 








false positive rate 0 of 48,902 1 of 48,902 
problematic wells 1 
discordant pos. 1 
concordant pos. 7 
pos. below 95% LOD 7 8 
pos. above 95% LOD 0 0 
beta giardin 
false positive rate 0 of 45,494 0 of 45,494 
problematic wells 2 
discordant pos. 8 
concordant pos. 1 
pos. below 95% LOD 0 1 
pos. above 95% LOD 1 7 
NoV GII 
false positive rate 0 of 55,415 0 of 55,415 
problematic wells 0 
discordant pos. 6 
concordant pos. 1 
pos. below 95% LOD 7 1 
pos. above 95% LOD 0 0 
NoV GI 
false positive rate 0 of 55,415 0 of 55,415 
problematic wells 0 
discordant pos. 1 
concordant pos. 1 
pos. below 95% LOD 2 1 
pos. above 95% LOD 0 0 
ybbW 
false positive rate 0 of 48,374 0 of 48,374 
problematic wells 1 
discordant pos. 0 
concordant pos. 21 
pos. below 95% LOD 1 1 
pos. above 95% LOD 21 20 
ipaH 
false positive rate 0 of 51,710 5 of 51,710 
problematic wells 0 
discordant pos. 2 
concordant pos. 4 
pos. below 95% LOD 2 4 
pos. above 95% LOD 2 2 
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TABLE 7: Continued 
hexon 
false positive rate 0 of 51,710 5 of 51,710 
problematic wells 1 
discordant pos. 7 
concordant pos. 0 
pos. below 95% LOD 0 4 
pos. above 95% LOD 0 3 
STh 
false positive rate 0 of 52,408 0 of 52,408 
problematic wells 3 
discordant pos. 6 
concordant pos. 7 
pos. below 95% LOD 7 3 
pos. above 95% LOD 1 3 
Crypto. 18S rRNA 
false positive rate 0 of 52,408 0 of 52,408 
problematic wells 2 
discordant pos. 4 
concordant pos. 5 
pos. below 95% LOD 6 1 
pos. above 95% LOD 1 6 
 
During our analysis we observed 10 problematic wells out of 288 wells across all assays. 
In each instance, the large discrepancy between the Umbrella threshold quantification and 
the manual threshold quantification was attributable to significant differences between the 
fluorescence amplitude distribution of the negative cluster as observed in the sample 
compared to the negative controls. These differences were either greater variation of 
amplitudes in the negative cluster or a bimodal distribution in the negative cluster leading 
to a significant number of droplets in the negative cluster being misclassified as positive 
when compared to an NTC. The Umbrella results for each of these 10 wells was eliminated 
from further analysis. An additional 14 wells were eliminated from further analysis due to 
droplet counts below 10,000. 
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In our analysis of the remaining wells, we observed a total of 35 discordant detections in 
288 wells. Of these Umbrella results from 7 were eliminated from further analysis due to 
misalignment between negative clusters confounding droplet classification as described for 
problematic wells. The difference in positive droplet quantities was only one in 22 of 35 
wells and was greater than one (maximum of 10) in 6 wells. Excluding the wells eliminated, 
the discrepancy is driven by differences in the threshold between negative and positive 
droplets as determined by the user and as estimated by Umbrella. The small discrepancies 
in positive droplet numbers in discordant detections indicate that in general the manual 
thresholds were in good agreement with the statistically derived Umbrella threshold. 
The total number of concordant wells between manual thresholding and Umbrella 
thresholding was 229 out of 288. Of these wells, 47 were concordant detections and 182 
were concordant non-detects. This agreement rate of almost 80% again indicates that user-
drawn manual thresholds and Umbrella thresholds were in good agreement overall. If we 
consider only detections, 63% (47/75) agreed between both thresholding approaches. 
Jaipur Drinking Water Quality as Assessed by ddPCR 
Based on our systematic review of the ddPCR data, we report our findings concerning the 
microbial water quality in Jaipur, as observed via molecular evidence, using a strength-of-
evidence paradigm as shown in Figure C9. We consider the strongest possible evidence to 
be detection by both manual and Umbrella thresholding at a concentration above the 95% 
LOD for an assay with zero false positives in negative controls by either thresholding 
method. To fulfill this criterion the number of droplets classified as positive by both manual 
thresholding and Umbrella thresholding (<5% probability of being void of target) must be 
greater than the number of positive droplets required for successful detection in 95% of 
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replicates with a simultaneous observance of zero false positives in controls. Due to our 
observation of false positives in negative controls by the Umbrella thresholding method for 
the MS2g1, ipaH, and hexon assays, results for these targets are excluded from the 
strongest evidence category. 
However, within the strongest evidence category, we observed one groundwater (GW) 
sample to be positive for beta giardin at a concentration of 9.8 to 228.5 gene copies (gc) 
per reaction. Given the concentration factor of the workflow and the 122.4 L DEUF 
volume, assuming 100% recovery efficiency during DEUF the drinking water column 
equivalent concentrations are 48 to 1,119 gc per liter. We also observed culturable E. coli 
counts that were TNTC in both the grab sample and the DEUF backflush from this location.  
Our analysis also indicates that 19 of 22 DEUF samples across all three source water types 
are positive for the E. coli associated gene ybbW at the strongest level of evidence. This is 
a much higher proportion of samples positive than observed with culture-based evidence 
where 8 samples were positive for E. coli by culture and 12 samples were positive for total 
coliforms by culture. This finding likely reflects the presence of E. coli in a viable but not 
culturable (VBNC) state within the distribution network or the capture of inactivated but 
intact E. coli cells during sampling. With the development of the ybbW assay, Walker et 
al. fit a linear regression to the log of ybbW per PCR reaction versus the log10 of CFU per 
reaction for samples with more than 10 CFU per 100 mL as observed in environmental 
water samples (R2 = 0.673) (141). For our samples from drinking water in Jaipur we also 
attempted to fit such a model for E. coli by culture and ddPCR (n=5; CFU per 100 mL 
range 0.88 to 153.63), but the model fit was poor (R2 = 0.244), as shown in Figure C10. 
62 
At the strongest level of evidence, we also found one groundwater sample positive for the 
gene encoding human heat-stable toxin (STh) associated with enterotoxigenic E. coli 
(ETEC) and one groundwater sample positive for the 18S rRNA gene of Cryptosporidium. 
Our findings for each molecular target by source water type and strength of evidence 
category are summarized in Table 8. 
TABLE 8: Proportion of samples positive and concentration ranges for gene targets in 
groundwater (GW), surface water (SW) and mixed source (M) samples collected from the 
Jaipur municipal water supply and assayed by ddPCR. Reported results are stratified by 
strength of the ddPCR evidence. 
 
  

















Strongest - - - - - - 
4 - - - - - - 
3 - - - - - - 
2 - - - - - - 











Strongest 1 0 0 9.8 - 228.5 - - 
4 1 4 0 14.8 1.8 - 9.0 - 
3 0 0 0 - - - 
2 0 0 0 - - - 











II)         
Strongest 0 0 0 - - - 
4 0 0 0 - - - 
3 0 1 0 - 1.2 - 2 - 
2 0 0 0 - - - 












Strongest 0 0 0 - - - 
4 0 0 0 - - - 
3 1 0 0 1.2 - 1.3 - - 
2 0 0 0 - - - 













Strongest 8 7 4 4.9 - 7432.8 12.3 - 620 20.5 - 177.8 
4 0 0 0 - - - 
3 0 1 0 - 1.9 - 2 - 
2 0 0 0 - - - 












Strongest - - - - - - 
4 - - - - - - 
3 - - - - - - 
2 2 0 0 24 - 164.8 - - 












Strongest - - - - - - 
4 - - - - - - 
3 - - - - - - 
2 0 0 0 - - - 










Strongest 1 0 0 4.6 - 824.7 - - 
4 1 1 1 613.3 146.5 337.9 
3 2 1 0 1.4 - 1.6 1.4 - 
2 0 0 0 - - - 
















Strongest 1 0 0 4.2 - 5.7 - - 
4 1 3 0 38.4 14.9 - 108.0 - 
3 0 1 0 - 1.4 - 
2 0 0 0 - - - 
Weakest 0 0 0 - - - 
 
Implications for Drinking Water Safety in Jaipur 
Although our study was only a small cross-sectional sample of drinking water from Jaipur, 
our findings highlight some important observations regarding drinking water safety in the 
city. We observed culturable E. coli in 22% of grab samples and 70% of DEUF backflush 
samples originating from groundwater being pumped directly into the water distribution 
network. Simultaneously, we did not detect E. coli by culture in grab samples or DEUF 
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backflush samples from distributed surface water. Free chlorine was detected in 7 of 8 
distributed surface water samples and 3 of 4 mixed source water samples, but whether the 
contact time and concentration resulting from the pumping of groundwater directly into the 
network is sufficient for inactivation of pathogens is unclear. Further, we observed one 
groundwater sample to be positive for beta giardin gene, one to be positive for an 18S 
rRNA gene, and one to be positive for STh gene associated with Giardia duodenalis, 
Cryptosporidium spp., and ST-ETEC respectively at concentrations above the 95% LOD. 
For each of these samples the associated DEUF backflush was positive for culturable E. 
coli and total coliforms, with the sample positive for beta giardin also being TNTC for E. 
coli and total coliforms in both grab samples and DEUF samples.  
These detections are consistent with molecular evidence from several other studies in India. 
In Lucknow, ETEC genes ST1 and LT1 were detected in potable water from the municipal 
supply and in Kolkata 9% of E. coli isolated from potable water sources were positive for 
virulence genes including heat-stable toxins associated with ETEC (153,154). In Chennai, 
58% of samples from the piped water supply were reportedly positive for Cryptosporidium 
oocysts by immunofluorescent antibody screening (155). The assumption that groundwater 
is less likely to be contaminated is subject to increasing scrutiny as studies have 
documented the presence of viruses in groundwater both municipal water supplies and 
private wells in the US, and protozoan pathogens in tube wells in rural India (47,156,157). 
In the US acute gastrointestinal illness (AGI) has been associated with both septic tanks 
and with nondisinfected groundwater drinking supplies (43,158). It is therefore plausible 
that groundwater in the urban environment, particularly in environments with poor or 
failing sewer infrastructure could be a significant source of waterborne disease. Sewers are 
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known to be sources of groundwater recharge in urban areas and to degrade the quality of 
urban groundwater (159,160). In India, Somasundaram and colleagues noted microbial 
contamination in a urban aquifer in Madras as indicated by high nitrate levels and the 
detection of microbes in wells (161). A study of the groundwater recharge in Hyderabad 
found that the anthropogenic sources of groundwater recharge were ten times greater than 
the natural ones and that leakage from the water distribution system and leakage of sewage 
from the sewer system comprised a large proportion of  the annual recharge volume (162). 
In rural Rajasthan, bacterial contamination of groundwater used for drinking has been 
observed (163). A recent study of inorganic contaminants in groundwater in Rajasthan 
found that elevated levels of dissolved organic carbon and nitrate suggested anthropogenic 
sources of groundwater pollution such as domestic sewage (164). 
Our findings in Jaipur are consistent with these observations and indicate that groundwater 
in Jaipur should not be neglected as a source of waterborne disease. Currently, the 
municipal government reports that groundwater accounts for 26% of daily water supply; 
however, this may be an underestimate due to informal networks of wells that are operated 
by individuals and not the government of Rajasthan. To manage the risk of waterborne 
disease associated with this groundwater, it should be treated prior to distribution. 
Typically disinfection with chlorine might be considered the best option, but the high 
concentrations of halides and organic contaminants observed in the groundwater increase 
the likelihood of disinfection byproduct formation (164). This risk is corroborated by a 
recent study of tap water in Jaipur that found both regulated disinfection byproducts, such 
as trihalomethanes, and unregulated byproducts, such as haloacetonitriles, that could pose 
significant risks to public health (165). Additionally, disinfection using chlorine would be 
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ineffective against protozoan pathogens such as Giardia and Cryptosporidium which we 
detected via molecular assays. Given these constraints, a filtration-based treatment may be 
the best solution to reduce the risk of waterborne disease associated with groundwater in 
Jaipur. In the near term correct and consistent use of non-chlorine household water 
treatment technologies can provide a reasonable reduction of the risks of waterborne 
disease (94,166). A compelling alternative to treating the groundwater would be preventing 
its contamination with sewage in the first place. Repairs and improvements to reduce 
leakage from existing sewer lines and connecting sewage sources that are currently 
unserved could reap the dual benefit of reducing the microbes that cause waterborne 
disease and reducing the dissolved organic carbon and nitrates that are precursors for 
disinfection byproducts. A quantitative analysis of the tradeoffs between disinfection 
byproducts and waterborne disease specific to Jaipur would be useful for decision making. 
Improvements in Interpreting ddPCR Results for DEUF Concentrate 
Our results also emphasize critical points concerning the interpretation of ddPCR results 
to enumerate waterborne pathogens. Manual thresholding by the user is subject to 
confirmation bias and is detrimental to reproducibility. Many tools have been proposed to 
improve the rigor and reproducibility of droplet classification including k-means 
clustering, extreme value theory thresholding, and model-based clustering as we have used 
here (149–151). However, in our application of Umbrella we had to rely on user judgement 
downstream of the model to screen both problematic and discordant positive wells (20.4% 
of total wells) for further analysis. This screening is subject to the same bias as manual 
thresholding. Since many of the discordant and problematic wells were attributable to 
variations in the fluorescence amplitude distribution of the negative clusters, improvements 
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in the consistency of these distributions across samples and controls would greatly improve 
Umbrella thresholding. Our experience suggests two avenues of improvement. First, 
selecting sample-appropriate comparators for negative controls on each plate is critical. 
While NTCs are appropriate for assessing cross contamination, they may not be the best 
comparison for negative clusters in real samples. Instead multiple sample blanks consisting 
of all the background material expected in a real sample but negative for the target should 
be used for each assay on each plate. Second, optimizing extraction methods for ddPCR to 
produce consistent negative droplet clusters should be prioritized. In our case, we selected 
the UNEX buffer and protocol based on comparisons between CT values from qPCR 
assays. But it is possible that another extraction method may yield cleaner samples with 
less noise in the negative droplet cluster. Additionally, while various statistical approaches 
to interpreting ddPCR results improve the reproducibility of the process, they don’t answer 
the fundamental question of whether droplets are truly positive or negative for the target. 
Difficulty of Making Risk-Relevant Measurements of Waterborne Pathogens 
Finally, our work highlights an important limitation of leveraging DEUF and ddPCR to 
make risk-relevant measurements of waterborne pathogens. We observed a 95% LOD of 
3.9 gc per reaction for the Cryptosporidium 18S rRNA gene in ddPCR interrogation of 
DEUF concentrate. Based on this LOD, the concentration factors for our workflow, the 
largest volume of drinking water filtered in our study (161 liters), and the mean recovery 
of oocysts observed by Smith and Hill (87%), we calculate that the lowest drinking water 
equivalent LOD we achieved is 16.7 gc per liter of drinking water (111). Using a figure of 
20 copies of 18S rRNA per oocyst we arrive at a concentration of 0.84 oocysts per liter. As 
with any molecular method we must make assumptions regarding the viability and 
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infectivity of these oocysts. But, if as an upper-bound, we assume these oocysts are 100% 
viable and infective and use the dose-response model and assumptions described 
previously we arrive at an LOD for the daily risk of infection of 25% and an equivalent 
annual risk of 100%.  Subject to the same assumptions, if we assume filtration of 1,500 
liters, as in EPA Method 1615, we arrive at an LOD of 0.045 oocysts per liter and the daily 
risk of infection of 1.5% and an equivalent annual risk of 99.6% (167). Even with DEUF 
and ddPCR, detecting Cryptosporidium oocysts at a concentration equivalent to an annual 
risk of infection of 1% would require filtering 209,588 liters of drinking water. This seems 
improbable without dramatic changes to the described workflow to increase the 
concentration factors, such as improving volumetric ratios of input material to output 
material in both DEUF backflush and secondary concentration. However, such 
improvements are also likely to further concentrate inhibitors present in the drinking water, 
so the net effect could be detrimental to downstream molecular assays. Additionally, 
translation from gene copies to the units necessary for input to dose-response models still 
requires tenuous assumptions relating genetic elements and infectious units. These results 
suggest that when annualized risk is the metric of performance, quantitative risk assessment 
for distributed drinking water will continue to rely on assumptions regarding exposure 
assessment often mediated by indicator organisms and pathogen to indicator ratios rather 
than direct measures of waterborne pathogens.   
  
69 
CHAPTER 4: MICROBIAL WATER QUALITY IN INTERMITTENT VERSUS 








No city in India yet provides continuous water supply (CWS) to its inhabitants. As a result, 
some 460 million Indians are exposed to intermittent water supply (IWS), which has been 
associated with degraded water quality and increased risk of waterborne diseases such as 
typhoid and cholera. We leveraged the ongoing transition of the Nagpur municipal water 
supply from intermittent to continuous supply to conduct a natural experiment comparing 
microbial water quality in intermittent versus continuous supply zones. During sampling 
periods in 2015 and 2017, we collected 56 grab samples and 90 large volume dead-end 
ultrafiltration samples (total sampling volume of 6,925 liters). In addition to measuring 
traditional water quality parameters such as free and total chlorine, turbidity, heterotrophic 
plate count, thermotolerant coliforms, and E. coli, we also assayed DEUF concentrates for 
genes associated with seven waterborne pathogens by ddPCR. We detected genes 
associated with ETEC, Shigella spp., norovirus GI and GII, adenovirus, Cryptosporidium 
spp., and Giardia duodenalis in samples collected from household taps served by 
intermittent supply. Fecal indicator bacteria results suggest increased water quality 
degradation from elevated storage reservoir (ESR) to household tap in intermittent versus 
continuous water supply zones. But many of these observations are not statistically 
significant after accounting for random variation. We did observe statistically significant 
differences between the proportion of grab samples positive for E. coli (IWS: 43.8%; CWS: 
3.57%) and DEUF concentrates positive for gene targets associated with waterborne 
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pathogens (IWS 61.1%; CWS: 11.1%) in samples collected from household taps served by 
intermittent versus continuous supply. Although our DEUF-based comparisons suffer from 
the limitations associated with a small sample size, the evidence should be considered in 
appreciation of the large volume of water sampled. For example, we did not detect any 
culturable E. coli in nine DEUF drinking water samples totaling 1,006 liters from 
household taps served by CWS. Despite the limitations of our study, this work contributes 
to an increasingly large body of literature that suggests IWS is associated with increased 








The intermittent delivery of drinking water in piped supplies is the result of a complex 
amalgamation of political, institutional, ecological, and infrastructural constraints whose 
end result is the inability or unwillingness to maintain positive pressures within a water 
distribution network 24 hours-per-day seven days-per-week 365 days-per-year (15,168). 
Lapses in positive pressure expose an IWS to numerous opportunities for contamination 
and degradation of drinking water quality including: intrusion of contaminants during low 
pressure periods, regrowth during stagnation, scouring during re-pressurization, and 
recontamination during household storage (23). Numerous studies have documented 
decreased residual chlorine and increased counts of various fecal indicators including total 
coliforms, thermotolerant coliforms, and E. coli in supplies operated intermittently in 
various contexts throughout the globe including rural settings, urban settings, and refugee 
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camps (26,27,74,75,169–174). However, such contamination does not appear to be 
ubiquitous as a study of several supply zones within an IWS in Panama documented only 
0.9% of grab samples positive for total coliforms and one sample positive for E. coli 
(n=423). Even in a large study in India where 31.7% of grab samples from an IWS were 
positive for E. coli, the proportion of samples positive varied by hydraulic zone within the 
network (24). The spatial and temporal variation in water quality is likely due to the 
complex hydraulic conditions which preside within an IWS and the varying distribution of 
sources of fecal contamination within and between settings (175). 
The heterogeneity observed in water quality data is also found in the association between 
IWS and diarrheal disease observed during epidemiological studies. Several studies have 
found significant associations between IWS and diarrhea among adults, children, and 
residents of refugee camps and slums (176–181). Another study documented a significant 
increase in the incidence of cholera cases following water supply interruption and another 
noted an increase in markers associated with environmental enteropathy (EE) for children 
exposed to IWS (28,182). However, a large longitudinal trial associated with a transition 
from IWS to continuous water supply (CWS) in Hubli-Dharwad, India found no 
association between water delivery mode and diarrhea (29). 
IWS is especially relevant in India where an estimated 63% of the population served by a 
piped supply has water available for only 3 hours per day or less (183,184).  Despite the 
success of several pilot programs of CWS, no major city in India yet offers its citizens 
access to CWS (185–187). Surveys of various India cities have noted an average duration 
of 4 hours per day and a range of 0.5 to 10 hours per day compared to an Asia Pacific 
average of 19 hours per day (184,188).  
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The city of Nagpur is now poised to become the first major city in India to transition its 
entire water supply from IWS to CWS. The 2.5 million people living in the city exert a 
daily water demand of 660 million liters which is withdrawn from three surface water 
sources (Kanhan River, Gorewada Lake, and Pench Dam) and treated at five water 
treatment plants (WTPs) prior to distribution via a network of master balancing reservoirs 
(MBR), elevated service reservoirs (ESR), and a 2,100 km pipeline network (89,189). In 
2007 the Nagpur Municipal Corporation (NMC) reported an average supply time of 4.3 
hours per day, unaccounted for water (UFW) of 51.9%, with 40% of household connections 
metered and 3.2 staff persons per 1,000 connections (188).  From 2009 to 2011, a CWS 
demonstration completed in one area of the water supply showed remarkable 
improvements in service level benchmarks through a 270 million INR (USD $4 million) 
improvement package that included 100% metering, and replacement of 30% of the pipes 
in the demonstration zone (190). Following the successful demonstration, NMC contracted 
with Orange City Water (OCW) to transition the entire water supply from IWS to CWS 
beginning in 2011 at an estimated cost of 3.87 billion INR (USD $70.5 million) with 
contractual obligations to reduce NRW and improve tariff collection efficiency (186). In 
association with the transition, NMC and the National Environmental Engineering 
Research Institute (NEERI) also implemented a water safety plan (WSP) for the Nagpur 
municipal water supply following the WHO WSP Manual (191). In the period from 2011 
to 2016, 496 km of pipeline was replaced and CWS was implemented in 10 of 64 
hydraulically isolated areas -- called “command areas” by OCW (192). 
The transition of the Nagpur water supply from IWS to CWS afforded us the opportunity 
to observe the water quality under the two modes of delivery with attention to measures 
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more directly relevant to waterborne pathogens than traditional fecal indicators. Two 
previous studies of drinking water quality in Nagpur have noted considerable 
contamination in the IWS water delivery system from treatment to the point-of-use (88,89). 
A study conducted during the CWS pilot in Hubli-Dharwad found a significant difference 
in drinking water quality between the IWS and CWS supply zones (24). However, each of 
these studies utilized measures of fecal indicator bacteria, which, while informative, are 
only proxies for fecal contamination and do not provide robust information on the presence 
of waterborne pathogens. A recent risk assessment found that the use of indicator bacteria 
and ratios of pathogens to indicators were two significant sources of uncertainty in 
quantifying the burden of diarrheal disease associated with IWS (97). While another review 
identified uncertainty about the risk posed by protozoan and viral pathogens introduced via 
intrusion as an important opportunity to increase our understanding of IWS and health (16).  
We leveraged the transition of the Nagpur water supply from IWS to CWS to conduct a 
natural experiment to document water quality differences between IWS and CWS water 
supply zones with special attention to molecular measures of genes associated with 
waterborne pathogens. 
 
MATERIALS AND METHODS 
 
Here we report on our use of traditional physicochemical and indicator-based water quality 
measures along with dead-end ultrafiltration (DEUF) and droplet digital PCR (ddPCR) to 
assess the water quality of drinking water delivered via intermittent versus continuous 
water supply in Nagpur, India. The transition from IWS in Nagpur officially begin in 2011 
and called for the entire supply to be converted to CWS by 2016. However, project delays 
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associated with line rehabilitation and meter installation were such that, as of 2017, only 
13 of 54 command areas had been converted to CWS. Our study design evolved as the 
project itself evolved. 
Study Design 
We originally conceived of the study as a controlled-before-and-after design with cross 
sectional measurements of water quality in one control IWS command area at baseline and 
endline and concurrent measurement of water quality in one intervention command area 
that was IWS at baseline and CWS at endline. We initiated our work in 2015 with cross 
sectional water quality sampling in two IWS command areas within the Nagpur water 
supply: Reshim Bagh and Karve Nagar. During each sampling event, we collected samples 
from various taps in the command area and the associated ESR such that we could isolate 
water quality changes occurring downstream of the ESR. However, when we returned in 
2017 for the endline sampling we found that delays in the conversion project meant that 
neither of the command areas had yet converted to CWS. Therefore, we adapted our design 
to a cross-sectional study of water quality along the delivery system with the addition of 
data from two more command areas: Laxmi Nagar Old, which is CWS, and Khamla, which 
is IWS. As shown in Figure 9, both the Khamla and Laxmi Nagar Old command areas 
receive treated drinking water from the Pench II WTP. From the WTP, finished drinking 
water is sent via transmission main to the ESRs that serve Laxmi Nagar Old and Khamla 
command areas. From these ESRs drinking water is distributed continually in Laxmi Nagar 
Old and intermittently in Khamla. As a result, our final study includes cross-sectional water 
quality data from ESRs and taps in three IWS zones (Khamla, Karve Nagar, and Reshim 
Bagh), water quality data from the ESR and taps from one CWS zone (Laxmi Nagar Old), 
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and water quality data through the treatment train at the Pench II WTP. Together this data 
allows us to examine how the water quality changes through treatment and distribution 
under both IWS and CWS modes. Each sample we collected consisted of a grab sample 
and a paired large-volume DEUF sample of approximately 20 liters in 2015 or 100 or more 




FIGURE 9: A schematic of the study design and water quality sampling as executed during 
the 2017 sampling period. We collected samples along the drinking water delivery system 
for an IWS command area (Khamla - green) and a CWS command area (Laxmi Nagar Old 
- purple). During each sampling event in the command areas we collected drinking water 
from the ESR (bottom left photo) and taps in the command area (lower right photo). 
 
Physicochemical Measurements 
At the time of sample collection, we measured physicochemical parameters including 
turbidity, free chlorine, total chlorine, pH, conductivity, and total dissolved solids (TDS). 
We did not measure turbidity during sample collection in 2015. But for samples collected 
in 2017, we measured turbidity by nephelometric turbidity unit (NTU) using a Hach 2100Q 
portable turbidimeter (Hach, Loveland, CO) (193). We measured total and free chlorine 
using the US EPA DPD Colorimetric Method implemented via a Hach Pocket Colorimeter 
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II spectrophotometer (Hach, Loveland, CO) (128). We measured temperature, pH, 
conductivity, and TDS by electrode using a Hanna Low Range Combo Tester (Hanna 
Instruments, Woonsocket, RI) (129). For a subset of samples collected from household taps 
in 2017, we measured water service pressure using a Dickson PR125 pressure logger 
(Dickson/Unigage Inc., Addison, IL). 
Culture Methods 
During each sampling event, we collected both grab samples and large-volume samples for 
DEUF. In 2015 sampling, we collected 300 mL grab samples in Whirl Pak bags pre-dosed 
with sodium thiosulfate to quench residual chlorine (Nasco, Fort Atkinson, WI); whereas 
in 2017, we collected 500 mL grab samples in sterile plastic bottles pre-dose with sodium 
thiosulfate. In the time between collection and further processing, grab samples were stored 
and transported on ice. In 2015, we enumerated E. coli in two 100 mL, 10 mL, and 1 mL 
replicates by membrane filtration and selective media incubation per EPA Method 1604 
(with modification) (104). We incubated each replicate along with both positive and 
negative controls at 35°C for 24 hours on HiCrome M-TEC Agar (M1571; HiMedia, 
Mumbai, India). In 2017, we enumerated thermotolerant coliforms and E. coli in two 100 
mL replicates from each grab sample by membrane filtration followed by incubation at 
44.5°C for 24 hours on HiCrome Coliform HiVeg Agar with SLS (MV1300; HiMedia, 
Mumbai, India). Following incubation, we counted both thermotolerant coliforms and E. 
coli on each plate following the manufacturer’s instructions for color-based identification, 
including the use of Kovac’s Indole (R008; HiMedia, Mumbai, India) for confirmation of 
presumptive E. coli colonies on HiVeg agar. We reported the counts in colony forming 
units (CFU) per 100 mL. In a subset of grab samples collected in 2017, we also enumerated 
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heterotrophs by membrane filtration of 1 mL, 500 uL, and 250 uL volumes in duplicate 
followed by incubation at 35°C for 24 hours on R2A Agar (M1205; HiMedia, Mumbai, 
India) per the manufacturer’s instructions. 
Dead-End Ultrafiltration 
We concentrated the microbes from large-volume drinking water samples by DEUF 
following a CDC protocol. We used Rexeed 25S dialyzers (Asahi Kasei Kuraray Medical 
Company, Tokyo, Japan) (111). In 2015, we collected 20 liter samples in sterile cubitainers 
pre-dosed with sodium thiosulfate and performed DEUF upon return to the lab. Whereas 
in 2017, where possible, we connected to sampling points via sterile Masterflex L/S 36 
Platinum-Cured Silicone tubing (Cole Parmer, Vernon Hills, IL) and utilized service 
pressure in the piped network to force the drinking water through the dialyzer. When 
system pressure was inadequate or unavailable, such as at the Pench II WTP, we collected 
drinking water in sterilized plastic buckets and filtered from the buckets using a Geotech 
Geopump (Geotech, Denver, CO). In all instances, we recorded the volume of water 
filtered using a totalizing flow meter (Clark Solutions, Hudson, MA). For each sample, we 
quenched residual chlorine in the dialyzer by filtering 500 mL of 1% sodium thiosulfate 
solution immediately after filtering the sample. After DEUF, we backflushed each dialyzer 
into a sterile 500 mL bottle using a 500 mL 0.5% Tween 80, 0.01% NaPP, and, 0.001% 
Antifoam Y-30 emulsion solution with recovery volumes ranging from 350 to 450 mL 
(111). In 2017, we enumerated thermotolerant coliforms and E. coli in the backflush 
solution using 1 mL and 100 uL duplicates subjected to membrane filtration and culture as 
previously described. In addition to fecal indicators, we cultured 1 mL, 100 uL, and 10 uL 
duplicates of DEUF backflush for Salmonella and Shigella and pathogenic E. coli using 
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membrane filtration combined with incubation at 35°C for 24 hours on SS Agar (M108; 
HiMedia, Mumbai, India) and MUG Sorbitol Agar (M1205; HiMedia, Mumbai, India), 
respectively. Following incubation, we identified presumptive colonies of Salmonella, 
Shigella, and pathogenic E. coli per the manufacturer’s instructions for each agar and 
subjected isolates to confirmatory biochemical testing via the HiSalmonella Identification 
Kit (KB011; HiMedia, Mumbai,  India) or HilMViC Biochemical Test Kit (KB001; 
HiMedia, Mumbai, India) as appropriate. 
PEG Precipitation and Ultracentrifugation 
After culture-based enumeration of both 2015 and 2017 samples, we further concentrated 
the DEUF backflush using polyethylene glycol (PEG) precipitation and ultracentrifugation 
(106,112). We performed PEG precipitation using a 12% PEG 8000, 0.9 M NaCl, and 1% 
bovine serum albumin solution. We mixed each reagent sequentially into the backflush 
volume slowly to ensure complete dissolution and incubated samples overnight at 4°C. 
Following overnight incubation, we aliquoted 300 mL of the PEG-precipitated solution 
into six 50 mL centrifuge tubes and spun them at 10,000 times gravity at 4°C for 30 
minutes. We slowly poured off the resulting supernatant and resuspended the pelleted 
material using 677 uL of 1X phosphate-buffered saline (PBS), 0.01% Tween 80, and 
0.001% Y-30 emulsion solution per centrifuge tube. We then recombined the resuspended 
pellets from each of the six centrifuge tubes. The volume of the resulting suspension, which 
we term the DEUF concentrate, ranged from 3 to 4 mL. We stored DEUF concentrate at    
-20°C until we pre-treated each sample with UNEX lysis buffer and bead beating as 
described in the next section. Immediately following pre-treatment, we transported the 
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samples at room temperature for approximately 36 hours to the laboratory in Atlanta, GA 
where they were frozen at -80°C until extracted for further molecular analysis. 
Nucleic Acid Extraction 
We performed nucleic acid extraction using UNEX buffer (Microbiologics, St. Cloud, 
MN), as developed by the CDC (130). We extracted the DEUF concentrate following the 
protocol for nucleic acid extraction from parasites in water samples as detailed in the 
manufacturer’s instructions for use. We added 500 uL of DEUF concentrate and 500 uL of 
UNEX buffer, and 5 uL of Inforce 3 Bovine Vaccine (Zoetis, Parsippany, NJ), our process 
control containing bovine respiratory syncytial virus (BRSV) and bovine herpes virus 
(BoHV), to an SK-38 bead tube (Bertin Corp, Rockville, MD) and completed the lysis, 
purification, and elution of nucleic acids per the manufacturer’s instructions. With each 
extraction batch, we included a negative extraction control and an Inforce 3 only control 
(500 uL of molecular water and 5 uL of Inforce 3). We stored the purified nucleic acid 
from each sample and the controls at -80°C until molecular analysis or reverse 
transcription.  
Reverse Transcription 
Prior to ddPCR assay for RNA targets, we performed reverse transcription of RNA to 
cDNA using a High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 
(ThermoFisher Scientific, Waltham, MA). We performed reverse transcription (RT) per 
the manufacturer’s instructions by adding 10 uL of nucleic acid extract to 10 uL of RT 
master mix. Following RT, we stored the resulting cDNA at -80°C until ddPCR 
interrogation was completed within 5 days. 
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ddPCR 
We selected microbes of interest for molecular analysis on the basis of diarrheal disease 
etiologies from several sites in southeast Asia as observed in the Global Enteric Multicenter 
Study (GEMS) and the Malnutrition and Enteric Disease Study (MAL-ED) as summarized 
in Figures C1, C2, and C3 (67,131) and previously described. We adapted existing qPCR 
assays to ddPCR and used them to interrogate nucleic acids from each sample for genetic 
targets associated with a set of waterborne pathogens and fecal indicators E. coli and MS2. 
The relevant genetic, thermal cycling, and performance information for all the assays we 
used, including for controls, are summarized in Tables 6, and C1 to C3. 
We performed all ddPCR workflow following the manufacturer’s recommended protocol 
using a QX200 Droplet Generator, PX1 PCR Plate Sealer, C1000 Touch Thermal Cycler, 
and QX200 Droplet Reader (Bio-Rad, Hercules, CA) (146). For singleplex probe-based 
assays (MS2g1; beta giardin), we added each primer and the probe to achieve final 
concentrations of 900 nM and 250 nM, respectively. While for multiplex probe-based 
assays (noro GI/noro GII; hexon/ipaH; Crypto 18S rRNA/STh), we added primers and 
probes to achieve final concentrations of 650 nM and 250 nM, respectively. For the ybbW 
EvaGreen assay, we added each primer to achieve final concentrations of 250 nM. For each 
assay, the final reaction volume was 20 uL including molecular-grade water, ddPCR 
Supermix for Probes or ddPCR EvaGreen Supermix (Bio-Rad, Hercules, CA), primers, 
probe, and 4 uL of extract or RT product from each sample. We included negative 
extraction controls, sample blanks, no-template controls, and an assay appropriate positive 
control on each ddPCR plate. We also included randomly selected technical replicates and 
biological replicates at rates of at least 10% each on each ddPCR plate. 
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In ddPCR, the concentration of a gene target in the reaction mix is estimated by means of 
a most probable number according to a Poisson distribution using the proportion of droplets 
classified as negative based on their observed fluorescence amplitude following PCR 
thermal cycling (146). Thus, determining the fluorescence threshold for classifying 
droplets as either positive or negative is critical for accurate quantification of the target 
gene (149). We estimated the concentration of target genes in our ddPCR assays using both 
a manual user-determined threshold in QuantaSoft (V1.7.4; Bio-Rad, Hercules, CA) and a 
model-based classification called Umbrella implemented in RStudio (Version 1.1.456; 
RStudio Team, 2015) (151). The Umbrella package reports an estimate of the concentration 
based on the number of droplets with less than a 5% probability of being negative, given 
their fluorescence amplitude and observed fluorescence amplitude distribution in negative 
controls. We refer to this estimate as the Umbrella threshold. For full details see the 








During water quality sampling in Nagpur, we collected a total of 90 DEUF and paired grab 
samples, plus an additional 56 grab samples. In 2015, we collected samples from June 23 
to July 22 including 17 paired DEUF and grab samples from Karve Nagar command area 
(IWS) and 16 from the Reshim Bagh command area both of which are served by IWS. As 
previously mentioned, we performed DEUF in the lab during the 2015 sampling period 
with an average DEUF volume of 18.16 liters (max: 22.18, min: 14.38). In 2017, we 
collected samples from April 20 to October 10. We collected 21 paired DEUF and grab 
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samples from three points in the Pench 2 WTP, 19 paired samples from the Khamla 
command area (IWS), and 17 paired samples from the Laxmi Nagar Old command area 
(CWS). Because we performed DEUF in the field in 2017, the average volume was 110.97 
liters (max: 121.47, min: 89.31). In addition to these paired samples, we collected 33 grab 
samples in Khamla and 23 grab samples in Laxmi Nagar Old. We selected sampling 
locations within each command area with the assistance of utility personnel and sought to 
distribute our samples throughout each area such that the data are spatially representative 
of the command area from which we collected them (Figures D1, D2, and D3). 
Service Pressure 
While collecting grab samples in the Khamla and Laxmi Nagard Old command areas, we 
measured the water pressure at household taps. For 30 observations in the Khamla area 
(IWS) the mean pressure during supply hours was 6.6 psi (4.65 m) (95% CI: 5.28 – 7.92 
psi). Whereas for 21 observations in the Laxmi Nagar old area (CWS), the mean pressure 
was 4.5 psi (3.17 m) (95% CI: 3 – 6 psi). Boxplots of the observed service pressures are 
shown in Figure D4. While the service pressures were not different after accounting for 
random variation, the lower average service pressure in the CWS area is explained by the 
OCW’s policy of lowering the service pressure in areas that are continuously pressurized 
in order to minimize water loss through leakage as explained to us by the command area 
supervisor. 
Free and Total Chlorine 
During our sampling, we detected free chlorine in 91.5% of samples from IWS areas 
(n=82) and 90.0% of samples in CWS areas (n=40). The average free chlorine 
concentration in IWS tap samples (n=65) was 0.20 mg/L (95% CI: 0.15 – 0.25) and in 
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CWS tap samples (n=28) was 0.22 mg/L (95% CI: 0.17 – 0.27) (Figure 10). Concurrently, 
we detected total chlorine in 98.8% of IWS samples and 100% of CWS samples. The Indian 
Standard for Drinking Water requires that all distributed water intended for human 
consumption have a free residual chlorine concentration of 0.2 mg/L (152). We observed 
that 59.8% of samples from the IWS area and 57.5% of samples from the CWS area had 
free chlorine residuals below this standard. 
 
 
FIGURE 10: Boxplots of free chlorine concentration as observed in grab samples 
collected from taps served by IWS versus taps served by CWS in Nagpur. 
 
Turbidity 
We measured turbidity at the ESRs and household taps in both Khamla (IWS) and Laxmi 
Nagard Old (CWS) command areas. In the IWS area we observed a slight increase in the 
mean turbidity between the ESR and the household taps; while in the CWS area we 
observed a slight decrease (Figure D5). However, these differences are not statistically 
significant after accounting for random variation. The average turbidity at household taps 
in the IWS area was 1.56 NTU (95% CI: 1.22 – 1.90) and at household taps in the CWS 
area was 1.01 NTU (95% CI: 0.73 – 1.29) (Figure 11). While the difference in these means 
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is not statistically significant, both of these averages exceed the standard of less than 1 
NTU for distributed drinking water establish by the India Standard specification (152). 
 
 
FIGURE 11: Turbidity measures as observed at household taps in IWS (Khamla) and CWS 
(Laxmi Nagar Old) command areas in Nagpur. 
 
Fecal Indicators by Culture 
During 2017 sampling, we enumerated heterotrophs in 23 grab samples from the IWS area 
and 13 from the CWS area. Each of these samples was positive for heterotrophic bacteria. 
The average heterotrophic plate count in the IWS command area was 120.7 per mL (95% 
CI: 82.9 – 158.5) and in the CWS command area was 121 per mL (95% CI: 65.7 – 176.3) 
(Figure D6). We discontinued our enumeration after 36 grab samples due to the labor 
intensity of preparing the dilutions required to achieve countable plates. 
We enumerated thermotolerant coliforms (TTC) in both grab samples and DEUF backflush 
for samples collected in the Khamla (IWS) and Laxmi Nagar Old (CWS) areas. After 
enumerating TTCs in DEUF backflush, we back calculated the number of TTCs in the 
drinking water matrix using the equations shown in Table C4 assuming 100% recovery of 
coliforms during DEUF backflush. Of the 27 grab samples from household taps in the IWS 
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Khamla area, 48.2% (95% CI: 30.7 – 66.0) were positive for TTC with 5 samples too 
numerous to count (TNTC). For the 8 countable samples, the mean count was 24.8 
CFU/100 mL. In the 24 grab samples from household taps in the CWS Laxmi Nagar Old 
area, only 3 were positive for TTCs, 12.5% (95% CI: 4.3 – 31.0) with a mean count of 0.6 
CFU/100 mL. TTC counts as we observed in grab samples from IWS versus CWS taps are 




FIGURE 12: Counts of thermotolerant coliforms as observed in grab samples from 
household taps in an IWS versus a CWS service area in Nagpur. 
 
In DEUF backflush from the IWS command area, 22% of samples were positive for TTC 
at the ESR (mean 20.1 CFU/100 mL) and 89% were positive at the household tap (mean 
87.8 CFU/100 mL). While in DEUF backflush from the CWS command area, 56% of 
samples were positive for TTC at the ESR (mean 31.2 CFU/100 mL) and 44% were 
positive at household taps (mean = 10.9 CFU/100 mL). The proportion of DEUF samples 
positive for TTCs through the drinking water delivery chain is displayed in Figure D7. TTC 
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counts as enumerated via DEUF at ESRs and household taps in the IWS area (Khamla) and 
the CWS area (Laxmi Nagar Old) are shown in Figure 13. Although the means suggest an 
increase in TTC count between the ESR and household taps in IWS versus a decrease in 
CWS, as can be seen in Figure D8, these differences are not significant after accounting 
for the variation in the counts. 
 
 
FIGURE 13: TTC counts as observed via DEUF at ESRs and household taps in IWS 
(Khamla) and CWS (Laxmi Nagar Old) service areas in Nagpur. 
 
We enumerated E. coli in grab samples from household taps in IWS areas Karve Nagar 
(n=10) in 2015, Reshim Bagh (n=13) in 2015, and Khamla (n=41) in 2017, and CWS area 
Laxmi Nagar Old (n=28) in 2017. Across all grab samples from household taps served by 
IWS (n=64), 43.8% were positive for E. coli (95% CI: 32.3 – 55.9); whereas for CWS, 
(n=28) 3.6% were positive for E. coli (95% CI: 0.6 – 17.7). The proportion of grab samples 
positive for E. coli and E. coli counts stratified by command area are shown in Figures D9 
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and D10. Boxplots of E. coli counts as observed in grab samples across all IWS household 
taps and CWS household taps are displayed in Figure 14. 
 
FIGURE 14: E. coli counts as observed in grab samples collected from household taps in 
IWS (n=28 countable) versus CWS service areas (n=1 countable) in Nagpur. 
 
We enumerated E. coli in DEUF backflush from samples collected throughout the IWS 
and CWS drinking water supply chain during the 2017 sampling. In the IWS command 
area, 11% of DEUF backflush samples collected at the ESR (n=9) were positive for E. coli 
while 56% were positive at the household tap (n=9). In the CWS command area, 56% of 
DEUF backflush samples collected at the ESR (n=9) were positive and none were positive 
at the household tap (n=9) (Figure D11). E. coli counts as enumerated via DEUF at ESRs 
and household taps in the IWS area (Khamla) and the CWS area (Laxmi Nagar Old) are 
shown in Figure 15. Both the proportions of samples positive and the mean counts suggest 
an increase in E. coli between the ESR and household taps in IWS versus a decrease in 
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CWS; however, as can be seen in Figure D12, these differences are not significant after 
accounting for the variation in the counts. 
 
 
FIGURE 15: E. coli counts as observed via DEUF at ESRs and household taps in IWS 
(Khamla) and CWS (Laxmi Nagar Old) service areas in Nagpur. 
 
Biochemical Testing of Isolates 
Prior to testing bacterial isolates from DEUF backflush via the HiSalmonella and HilMViC 
kits, we tested archived isolates of Salmonella typhi, Shigella boydii, and E. coli O157:H7. 
The S. typhi isolate was identified as S. typhimurium/S. enterica serotype choleraesuis by 
the HiSalmonella Kit. The S. boydii isolate was identified as S. boydii/S. flexneri/S. 
dysenteriae by the HilMViC Kit, and the E. coli O157:H7 isolate was identified as E. coli 
by the same. We tested 28 isolates from SS Agar via the HiSalmonella kit; 25 were 
inconclusive, one was identified as S. choleraesuis subspecies Arizonae/Diarizonae, and 
two were identified as S. choleraesuis subspecies Indica. We tested 35 isolates from both 
SS Agar and MUG agar via the HilMViC Kit. Of these tests 15 were inconclusive, nine 
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were identified as Proteus mirabilis, four as Citrobacter feundii, three as Citrobacter 
diversus, three as Klebsiella pneumoniae, and one as Cedecea lapagei.  
ddPCR Analysis of DEUF Samples 
Prior to assaying the DEUF concentrate from each sample for gene targets, we analyzed 
cDNA from each sample for the BRSV process control. BRSV is a qualitative control 
where we interpret successful detection via ddPCR to indicate a successful extraction, 
reverse transcription, and amplification within the matrix of that individual sample. Our 
ddPCR assay for BRSV successfully detected the target spiked into each sample and all 
negative extraction controls were void of the target. For this assay, we found strong 
agreement between ddPCR quantification by manual thresholding and Umbrella 
thresholding as can be seen in Figure D13. For the MS2g1, beta giardin, norovirus GI 
ORF1-2, norovirus GII ORF1-2, ipaH, STh, and Cryptosporidium 18S rRNA assays we 
observed no false positive droplets in negative controls by either thresholding method. 
While in the hexon assay we observed one false positive droplet in 265,592 negative 
control droplets by manual thresholding and zero by Umbrella thresholding. We also only 
observed large discrepancies between manual and Umbrella quantification in 19 out of a 
total of 1,152 ddPCR wells (2 beta giardin, 8 STh, and 9 Cryptosporidium 18S rRNA). In 
each case inspection of the results from the problematic wells revealed that baseline shifts, 
bimodal negative distributions, or increased variation in sample negative distributions 
compared to negative controls caused misclassification of droplets. In each instance, the 
Umbrella results for that well were discarded and manual thresholding results were used 
for quantification of the target. The exception to this excellent performance is the ybbW 
assay where significant baselines shifts and dispersion within sample negative clusters 
90 
compared to negative controls cause significant discrepancy between the manual and 
Umbrella thresholding. In this instance, we discarded the Umbrella thresholding entirely 
and report only the manual thresholding results. Table D1 summarizes the analytical 
performance we observed for each assay as previously described. 
We assayed DEUF concentrates for two genetic targets associated with fecal indicators. 
Gene target MS2g1, associated with male-specific coliphage, was detected above the 95% 
LOD in only 1 sample which was collected from the Laxmi Nagar ESR (172 gc/L). 
However, ybbW, a gene associated with E. coli, was detected above the 95% LOD in 45 
DEUF concentrate samples. Boxplots of the observed ybbW concentration in the IWS and 
CWS drinking water supply trains suggest that the concentration of the gene decreased 
through the treatment train at Pench 2 WTP, but then increased es route to both the IWS 
and CWSs ESR (Figure 16). In the IWS command area, the mean ybbW concentration 
increased further from the ESR to household taps, while in the CWS area it decreased. 
These differences are not statistically significant after accounting for variation in the ybbW 
count at each sampling point. A comparison of the proportion of DEUF samples positive 
for culturable E. coli versus the ybbW gene, Figure 17, indicates that the gene was present 
even when culturable E. coli was not and that it was sometimes present in hundreds of 
copies per liter even without the detection culturable E. coli (CWS Taps). We observed a 
positive correlation (0.61) between gene copies of ybbW per ddPCR reaction and E. coli 
counts by culture (CFU/100mL), but unlike Walker et al. we found that a linear regression 
was a poor fit, R2 = 0.23, of ybbW (log gc/reaction) versus culturable E. coli (log 




FIGURE 16: Box plots of observed gene copies of ybbW per liter of drinking water at 
sampling points along the IWS and CWS drinking water delivery chain in DEUF 




FIGURE 17: The proportion of DEUF samples positive for ybbW, a gene associated with 
E. coli, versus proportion of samples in which E. coli was detected by culture. 
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We detected genes associated with bacterial pathogens in 12 DEUF samples. We detected 
ipaH, a gene associated with Shigella and Enteroinvasive E. coli, above the 95% LOD in 
one sample from a tap in the Reshim Bagh (IWS) command area (821 gc/L). We detected, 
STh, associated with ETEC, above the 95% LOD in 11 DEUF samples: 6 from IWS taps 
(range: 167 – 1429 gc/L), 3 from ESRs (range 72 – 84 gc/L), and 2 from the Pench 2 WTP 
(range: 72 – 109 gc/L). For viral pathogens, we detected associated genes in 15 DEUF 
samples. We detected the ORF1-2 gene associated with norovirus GI in samples from 3 
IWS taps (range: 2,927 – 19,144 gc/L) and the ORF1-2 gene associated with norovirus GII 
in samples from 4 IWS taps (range: 3,746 – 79,901 gc/L) and 1 ESR (2,643 gc/L). We 
detected the hexon gene associated with adenovirus A to F in a total of 7 samples: 3 samples 
from IWS taps (range: 246 – 689 gc/L), 1 sample from an ESR (24 gc/L), and 3 samples 
from the Pench 2 WTP (range: 26 – 44 gc/L). Lastly, we detected genes associated with 
protozoan pathogens in 10 DEUF concentrate samples. We detected beta giardin, 
associated with Giardia duodenalis, in samples from 5 IWS taps (range:  23 – 106 gc/L) 
and 1 ESR (79 gc/L). We detected the gene encoding 18S rRNA associated with 
Cryptosporidium in one IWS tap sample (429 gc/L), one CWS tap sample (67 gc/L), and 
one Pench 2 WTP sample (88 gc/L).  
The total number of DEUF samples positive above the 95% LOD by ddPCR for each gene 
target stratified by sampling point within the IWS and CWS drinking water supply system 
of Nagpur are summarized in Table D2. While Table D3 summarizes the number of DEUF 
samples positive above the 95% LOD by ddPCR for each gene target and all gene targets 
associated with pathogens in IWS versus CWS command areas. The proportions of DEUF 
samples positive for each gene target and for an aggregate of all gene targets associated 
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with pathogens as observed at IWS taps versus CWS taps are summarized in Figure 18. 
Except for Cryptosporidium 18S rRNA, gene targets associated with pathogens were 
detected more frequently in IWS taps. Meanwhile, a gene associated with a pathogen, 
Cryptosporidium, was only detected in one sample from a CWS tap. Detection of this 
protozoan pathogen is not improbable given its resistance to residual chlorine.  As shown 
in Figure 19, after aggregating all detections of genes associated with pathogens across 
both IWS and CWS taps and ESRs, we observe an increase in the proportion of samples 
positive from the IWS ESR (26.7% 95% CI: 10.9 – 52.0) to the associated household taps 
(61.1% 95%CI: 44.9 – 75.2) and a decrease from the CWS ESR (33.3% 95%CI: 12.1 – 
64.6) to the associated household taps (11.1% 95%CI: 2.0 – 43.5). The Wilson Score 
intervals estimated for the proportion of samples positive at each of these sampling points 
indicates a significant difference between the number of IWS tap samples positive for any 




FIGURE 18: The proportion of DEUF samples positive for each genetic target as observed 
in taps served by IWS versus those served by CWS in Nagpur. The “All Pathogen” category 
is the aggregate of all the detections of a gene target associated with a pathogen across all 






FIGURE 19: The proportion of DEUF samples positive for any gene associated with a 
pathogen and the associated Wilson Score Interval as observed in samples from an IWS 
ESR, IWS Taps, a CWS ESR, and CWS taps in Nagpur. 
 
Drinking Water Quality in IWS vs CWS 
Our observations highlight several important features of the quality of drinking water 
delivered by IWS versus CWS. In general, our data suggest that microbial water quality 
was degraded in IWS zones as mean counts of thermotolerant coliforms and E. coli 
increased from the ESR to the household taps, but these findings were not statistically 
significant after we accounted for the variation in the observed counts. Our data also 
suggest an increase in the variance of water quality parameters, including free chlorine, 
turbidity, and microbial counts at household taps in IWS zones compared to CWS zones. 
Interestingly, in our limited enumerations of heterotrophs we found almost identical counts 
per mL in IWS and CWS zones. We did observe a statistically significant increase in the 
proportion of grab samples positive for E. coli from taps served by IWS versus CWS. In 
the Indian context, our findings are consistent with a previous study of drinking water 
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quality in Hubli-Dharwad that documented significant degradation of drinking water 
quality in IWS zones compared to a CWS demonstration zone (24). 
Waterborne Pathogens in IWS vs CWS 
Our study is the first to provide observations concerning the presence of waterborne 
pathogens in IWS versus CWS zones in the same context. We detected gene targets 
associated with seven different fecal oral pathogens at taps in IWS zones compared to one 
pathogen detected in a sample from a tap in the CWS zone. We detected genes associated 
with bacterial, viral, and protozoan pathogens indicating that all microbial classes could be 
associated with waterborne disease transmitted via IWS. Each of the genes we detected is 
associated with a pathogen that contributes to the burden of diarrheal disease among 
children  in South Asia as observed in the MAL-ED and GEMs trials (67,131). We 
observed that the proportion of samples positive for any gene associated with a pathogen 
in samples collected from IWS taps was greater than the proportion from CWS taps even 
after accounting for random variation. Our observation indicates that IWS users in the 
study context are subject to an increased likelihood of exposure to waterborne pathogens 
compared to CWS users. Of course, our findings, like all environmental surveillance using 
molecular methods, rely upon the implicit assumption that the observed gene counts are 
positively correlated with viable and infectious organisms within the sample. 
Heterogeneity in Water Quality in IWS 
Our findings also emphasize the intra-system and inter-system heterogeneity that has been 
observed in drinking water quality in IWSs. We observed variations in water quality 
between hydraulically isolated IWS zones within the municipal water supply. For example, 
80% of grab samples were positive for E. coli in one IWS zone of the Nagpur water supply 
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and 28% were positive in another. And in Hubli-Dharwad the proportion of samples 
positive for E. coli ranged from 4% in one IWS ward to 80% in another (24). These intra-
system water quality differences between hydraulically isolated areas are statistically 
significant. We also observe variation in inter-system water quality in IWSs. Erickson et 
al. detected culturable total coliforms in only 4 samples and E. coli in only 1 sample of 423 
grab samples from an IWS in Panama (82). These findings indicate that the quality of water 
delivered by an IWS is likely dependent on context-specific variables. Given the complex 
hydraulic functioning of IWS distribution networks, it is likely that these context-specific 
variables must be defined at the level of municipal water supply hydraulic zones (175). 
Such variables are likely to include metrics regarding fecal pollution sources within the 
zone, operations and maintenance, and hydraulics. 
Limitations 
Several limitations of our current work require that we be circumspect in interpreting our 
findings. Firstly, is the small sample size. Due to constraints of both time and resources, 
we collected only 90 DEUF samples and 56 grab samples in the course of our study. 
However, these 90 DEUF samples represent a total volume of 6,925 liters collected from 
the Nagpur municipal water supply, which, assuming a 100 mL grab sample volume, is 
equivalent to 69,250 grab samples. While the volume filtered in a single DEUF sample is 
not independent in time and space, it does represent a significantly greater proportion of 
the delivered drinking water than a single grab sample. For example, we collected only 9 
DEUF samples from CWS household taps, but these samples constitute a total volume of 
1,006 liters and we did not detect a single culture E. coli in that volume. This is a 
meaningful observation despite the collection of only 9 samples. 
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The second limitation of our work is a result of the use of molecular assays to detect gene 
targets associated with waterborne pathogens. The use of such assays is predicated on the 
assumption that the detection of genes correlates with the presence of viable pathogens 
capable of causing an infection. The validity of this assumption likely varies based on 
microbial class and the environmental compartment. In our study, we observed that a gene 
associated with E. coli was positively correlated with the number of culturable E. coli in 
that sample; however, we also observed instances where we detected up to hundreds of 
copies of the gene in samples where we did not detect culturable E. coli. Given that viruses 
and protozoa are more resistant to disinfection than bacteria, we assume that the same 
positive correlation observed for E. coli would also apply for gene targets associated with 
pathogens in those classes (41,194). 
Another limitation is that we conducted sampling in only three different IWS zones and 
one CWS zone and across two different time periods including two months in 2015 and six 
months in 2017. Although we worked with utility staff to identify zones that were 
representative of the water supply, it is possible that the limited number of zones might 
limit the generalizability of our findings. Also, during the time frame of sampling, the 
Nagpur drinking water supply was undergoing many changes associated with the transition 
from IWS to CWS. These changes included changes in personnel and operations and 
management protocols which could confound our findings. Additionally, the city of 
Nagpur is well supplied by surface water sources for its drinking water and is not subject 
to the scarcity that is normally cited as the reason for IWS. Collectively, these 
characteristics of our study design and site may limit the generalizability of our findings. 
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Lastly, a fundamental limitation of both our study and the study in Hubli-Dharwad is that 
these interventions did not consist of only changes to the water delivery mode. These 
conversions to CWS were in the context of large multi-million-dollar upgrades of the 
existing pipe networks in the zones receiving CWS. These upgrades are necessary to 
prevent the tremendous increases in non-revenue water via leakage that would accompany 
pressurization for 24 hours instead of only a few hours each day (195). These conversions 
also included overhauls in the operations and maintenance practices of the entities 
responsible for the drinking water supply. We know of only one study where IWS zones 
were temporarily converted to CWS without accompanying distribution line replacements. 
In this study, Andey and Kelkar found that the proportion of samples positive for 
thermotolerant coliforms decreased from a range of 17% to 74% to a range of 0% to 10% 
following the switch to CWS (196). However, this improvement in water quality was 
accompanied by an increase in non-revenue water from 19.5% to 47.8% due to increased 
leakage during the continuous supply period. Therefore, the findings of our study must be 
interpreted as water quality improvements associated with a conversion from IWS to CWS 
accompanied by the replacements of distribution lines necessary to limit non-revenue-
water.  
Policy Implications for IWS in India 
Our results strongly suggest that in Nagpur the conversion from IWS to CWS effectively 
reduced microbial contamination in drinking water as indicated by reductions in the 
number of samples positive for E. coli and genes associated with waterborne pathogens. 
While these results are directly attributable to physical improvements in the water 
infrastructure, it is extremely important to note that these physical improvements flow from 
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improvements in governance and management. Indian utilities are characterized by 
inefficiency, increasing costs, and flat revenues with only 20% of connections metered and 
non-revenue water rates of 40% or more (186,197). During the conversion in Nagpur, 
increased metering and decreased non-revenue water has been critical to the financial 
solvency of the project and improving compliance with service level benchmarks (190). 
Our findings indicate that in Nagpur increased revenue through improved metering and 
billing is allowing the utility to invest in infrastructure improvements that our subsequently 
delivering water of improved microbiological quality. This experience in Nagpur could 
provide a road map for other Indian utilities to follow in transitioning from IWS to CWS. 
In the near term, the health impacts of IWS could be reduced through two different 
approaches one at the municipal level and one at the household level. First, at the municipal 
level it may be possible to identify hotspots of fecal contamination with water supply zones 
and implement specific interventions to reduce them. For example, targeted repairs of 
failing sewer lines proximate to water lines or extending sewer connections to unsewered 
sources of fecal contamination could reduce the flow of fecal contaminants into drinking 
water lines. Replacing segments of sewer lines or failing latrine pits is likely to be more 
cost effective than the replacement of entire water distribution networks required to reduce 
non-revenue water prior to implementing continuous supply. 
A second approach is improvement of water quality at the household level immediately 
prior to the point-of-use. Previous studies of microbial water quality in Nagpur have 
documented degradation of water quality from the moment of delivery at the tap to the 
moment of consumption at the point of use, especially in low-income households (88,89). 
Risk assessments of household water treatment indicate that health gains for such treatment 
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technologies are driven by consistent and effective use (94,166). However in India, 
treatment of drinking water at the household level is low and variable with 25% of 
households in Mumbai, 44% in Bengaluru, and 33% in a Dehli slum indicating they treat 
their drinking water at the household (198,199). While household water treatment could be 
an important temporary solution to decrease waterborne disease associated with IWS, it is 
clear that designs must be implemented that balance ease of use and efficacy to maximize 
benefits (200). 
Despite the limitations of the current study, our findings provide additional evidence that 
in certain settings IWS is associated with degraded quality of drinking water compared to 
CWS. Further, our findings indicate that this degradation of water quality includes an 
increased prevalence of waterborne pathogens at the household taps served by IWS. Our 
findings are most relevant to India, where some 460 million urban dwellers are served by 
IWS. These IWS users are likely exposed to an increased number of waterborne pathogens 
via drinking water and are therefore subject to an increased risk of diarrheal disease as a 
result. However, the success of transition from IWS to CWS in Nagpur in reducing 
microbial contamination of drinking water at the household indicates that the project 
provides a template that could be replicated elsewhere. 
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CHAPTER 5: RISKS OF INFECTION WITH WATERBORNE PATHOGENS  








Quantitative microbial risk assessments (QMRA) of distributed drinking water frequently 
rely on measures of fecal indicator bacteria and pathogen to indicator ratios in sources of 
contamination, such as sewage, to estimate risks of infection associated with water 
distribution systems. In this QMRA we used droplet digital PCR measures of gene targets 
associated with six different fecal-oral pathogens, experimental details regarding dead-end 
ultrafiltration (DEUF) workflows, and previously published dose-harmonization models to 
estimate the risk of infection associated with tap water delivered to households via IWS. 
Our Monte Carlo simulations estimated daily and annual probabilities of infections 
associated with pathogens known to be associated with mild to severe diarrhea in South 
Asia. Our model indicates substantial risks of infection associated with even one day of 
ingesting tap water from an IWS. For all but entertoxigenic E. coli (ETEC), the 10th 
percentile daily probability of infection exceeded the US EPA annual risk threshold of 1 
infection in 10,000. Sensitivity analyses indicate that risk estimates associated with 
protozoan and bacterial pathogens were sensitive to dose-harmonization parameters 
including measures of viability. All estimated risks were sensitive to gene target measures 
by ddPCR, and the volume of drinking water sampled by DEUF. Given the substantial 
daily risk of infection at the 10th percentile, we estimated annual risks of infection using a 
daily risk fixed at this level for each pathogen. Our calculations indicate that IWS could 
account for 11 million Giardia infections, 60 million Cryptosporidium infections, and 2.17 
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million Shigella infections annually among the 460 million Indians served by IWS. These 
risks are several orders of magnitude higher than those estimated by a previous QMRA 
using reference pathogens and E. coli counts because pathogen counts as estimated by 
DEUF and ddPCR are greater than those estimated by pathogen to E. coli ratios in sewage. 
Despite limitations the current risk assessment adds further evidence that IWS is very likely 







Piped water distribution networks rely on positive pressure within them to prevent the 
intrusion of contaminants from the environment into the drinking water they distribute. 
Among these potential contaminants are microbes capable of causing diarrheal disease if 
ingested by end users. Even brief interruptions in pressure have been linked to increased 
risk of gastrointestinal illness (GII) among end users (RR=3.26 95% CI: 1.48 – 7.19) (14). 
It is not surprising, then, that chronic sustained interruptions in pressure like those 
experienced by users of intermittent water supply (IWS) have been associated with 
increased risks of GII (OR = 1.61 95%CI: 1.26 – 2.07) (14). More recently IWS has been 
linked with increased risk of typhoid fever in Hubli-Dharward, India, increased incidence 
of cholera in the Democratic Republic of the Congo, increased diarrhea among children in 
Guatemala and Addis Ababa, and increased gut inflammation among children in Peru 
(28,29,180–182). 
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In Hubli-Dharwad the association of IWS with increased risk of typhoid fever was 
corroborated by an increase in the prevalence of E. coli in water samples collected from 
IWS wards compared to CWS wards (24). Numerous studies of water quality have 
documented fecal contamination in IWSs as indicated by the presence of various fecal 
indicators including E. coli, thermotolerant coliforms, and total coliforms (23,75,169,170). 
However, this contamination appears contextually dependent, as a study of water quality 
in an IWS in Panama detected culturable E. coli in only one sample of 423 collected (82). 
But, in the Indian context, the presence of fecal contamination in IWSs and increasing 
levels of such contamination as drinking water moves through the delivery chain to the 
point-of-use is documented consistently (88,89,196,199). For the 460 million urban 
dwellers exposed to IWS in India, both the epidemiological and microbiological data 
indicate that the drinking water they consume could constitute a non-negligible risk to their 
health in the form of diarrheal disease (201). The impact of such waterborne disease on the 
Indian economy has been estimated to be the loss of 90 million workdays per year at a cost 
of 6 billion INR in production loss and treatment costs (202). 
Quantitative microbial risk assessment (QMRA) provides a useful tool for quantifying the 
public health impacts of IWS in India. QMRA has been applied to quantify and manage 
the health risks associated with drinking water (38,203). A QMRA found that the annual 
infection risks associated with pathogenic E. coli in distributed drinking water exceeds the 
WHO threshold of 10-6 DALYs per year among users of the municipal drinking water 
supply in Mysore, India (98). While another assessment estimated that IWS could be 
responsible for 17.2 million annual infections and 4.52 million cases of diarrhea among the 
950 million people exposed to such supplies (97).  
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These QMRAs, like many others of drinking water distribution, relied upon the use of 
observed fecal indicator counts in distribution networks along with assumed ratios of these 
indicators to waterborne pathogens to estimate the number of pathogens ingested at the 
moment of exposure in a process known as exposure assessment (42,51,204). Sensitivity 
analyses in two risk assessments of distributed drinking water found that estimated risks 
were most sensitive to the concentration of the pathogen and subsequently E. coli counts 
and ratios of pathogens to E. coli (97,99). 
In the current study we make use of data from a characterization of microbial water quality 
in an IWS in Nagpur, India to populate a stochastic model and estimate the risk of infection 
among those exposed to IWS in India. Importantly, our QMRA makes use of quantitative 
measures of gene targets associated with waterborne pathogens as observed in samples 
collected from household taps served by IWS and enumerated via dead-end ultrafiltration 
and droplet digital PCR. Like fecal indicator organisms, these genes are still proxies for 
infectious waterborne pathogens; however, our use of them to perform hazard 
identification and exposure assessment represents another option to estimate the public 
health risks associated with IWS. 
 
 




We developed our risk assessment model using the hazard identification, exposure 
assessment, dose-response, and risk characterization framework (30). As shown in Figure 
20, we also performed dose harmonization as an additional module within this framework 
to convert from the experimental unit of measure, gene copies, to infectious units 
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appropriate for dose-response. In total our model includes 22 stochastic variables, and 21 
equations to estimate the probability of infection and/or diarrhea associated with six 
different fecal-oral pathogens as the result of consuming tap water from an IWS. We 
provide a descriptive summary of each stochastic variable in Table 9 and the equations are 
summarized in Tables E1, E2, and E3. We executed the Monte Carlo simulations of our 
model in Oracle Crystal Ball (Release 11.1.2.4.600, Redwood City, CA) within Microsoft 
Excel 2016 (Version 16.0.11929.20300, Redmond, WA). 
Hazard Identification 
During our sampling from household taps served by IWS in Nagpur, we detected genes 
associated with Giardia, Cryptosporidium, norovirus GI, norovirus GII, adenovirus A-F, 
ETEC, and Shigella/EIEC. With the exception of Giardia, each of these fecal-oral 
pathogens was associated with diarrheal disease in under-5 children as observed at South 
Asian study sites during both GEMS and MAL-ED (Figures C1, C2, and C3) (66,68,131). 
Our detection of these genes is consistent with previous surveillance of drinking water 
sources in South Asia including the detection of E. coli virulence genes in piped water in 
Lucknow and Kolkata, isolation of Shigella flexneri from a piped water supply in 
Gayeshpur, and detection of Cryptosporidium oocysts and Giardia cysts in potable water 
supplies in Chennai and Odisha (153–155,157,205,206). Based on these observations, each 
of these pathogens is a plausible agent for waterborne disease associated with IWS in South 




FIGURE 20: Schematic of the mathematical framework developed to estimate the 
probability of infection for each of six waterborne pathogens detected at household taps 
served by IWS in India.  
 
Protozoan Pathogens 
Giardia duodenalis is a protozoan pathogen that causes self-limiting watery diarrhea 
following ingestion and infection (207). Evidence indicates that assemblages A and B 
infect humans at prevalence rates of 8% to 30% in low- and middle-income countries and 
1 to 8% in high-income countries (208,209). Giardia is excreted in the feces of infected 
individuals in the form of cysts which are resistant to environmental degradation and 
disinfection via chlorine (41,210). These cysts have been detected in tap water samples, 
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but only rarely (211,212). Despite rare detection in finished drinking water, there were 199 
documented outbreaks of waterborne giardiasis between 2004 and 2010 (213).  
Cryptosporidium is also a protozoan parasite that causes self-limiting diarrhea in healthy 
adults following the ingestion of oocysts shed in the feces of infected mammals (214). 
Unlike Giardia, it can also cause serious long term sequelae in children, the elderly, and 
the immunocompromised (215–218). During the GEMS study, Cryptosporidium was 
among the leading causes of diarrhea in children under 5  (66). Based on the attributable 
fraction of diarrhea observed in GEMS, Cryptosporidium could plausibly account for 4.7 
million cases of diarrheal disease in South Asia (219). Although 37 species have been 
identified, C. parvum and C. hominis and the most prominent pathogenic species in humans 
(220). Oocysts shed in the feces of infected individuals are resistant to degradation in the 
environment and are resistant to drinking water treatment (194,221). Baldursson et al. 
found that Cryptosporidium accounted for 63% of waterborne outbreaks cause by protozoa 
(213). 
Viral Pathogens 
Noroviruses are non-enveloped single-stranded RNA viruses in the family Caliciviridae 
(222). In health adults, infection with norovirus via direct person-to-person, foodborne, or 
waterborne transmission causes the acute onset of diarrhea and projectile vomiting. 
However, among children norovirus is the third most common cause of diarrheal mortality 
(223). Although there are seven genogroups, infections in humans are only caused by 
genogroups GI, GII, and GIV (224). Norovirus particles are more resistant to chlorine than 
other viruses with 2 to 4 log reductions observed for chlorine at a concentration of 1 mg/L 
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(225). There have been many documented outbreaks of waterborne norovirus associated 
with drinking water (226,227). 
Adenoviruses are non-enveloped double-stranded DNA viruses that have been classified 
into six subgenera with subgenus F, including types 40 and 41, associated with 
gastroenteritis transmitted via fecal-oral routes (228). Types 40 and 41 are second among 
the primary causes of gastroenteritis in children (229). Human adenoviruses have been 
detected in both groundwater and piped water supplies (156,230). While adenoviruses 
appear quite stable under environmental conditions types, 40 and 41 are readily inactivated 
by free chlorine with 3 log inactivation observed following 5 seconds at 0.2 mg/L (231). 
The role of adenovirus in waterborne disease remains unclear with no reported waterborne 
outbreaks (232). 
Bacterial Pathogens 
Shigella spp. are gram negative, facultative anaerobes in the Enterobacteriaceae family 
(233). The four species within the genus include S. dystenteriae, S. flexneri, S. boydii, and 
S. sonnei with S. flexneri being more prevalent in LMICs and S. sonnei more prevalent in 
high-income countries (234). Shigella infections cause diarrhea ranging from mild and 
watery to severe dysentery (S. dysenteriae) (235). There is evidence of an environmentally 
persistent Shigella spp. isolated from surface water in Bangladesh (236,237). Under 
environmental stress, Shigella have been shown to enter a viable but not culturable 
(VBNC) state (238). Although Shigella are inactivated by free chlorine, various species 
have been associated with outbreaks of disease via drinking water (239,240). 
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Pathogenic E. coli are a group of serotypes within the Enterobacteriaceae family (241). 
They include several types such as enteropathogenic (EPEC), enterotoxigenic (ETEC), 
enteroaggregative (EAggEC), enteroinvasive (EIEC), enterohemorrhagic (EHEC), and 
diffusely adherent (DAEC). Pathogenic E. coli are transmitted via contaminated water and 
food. Infection with most serotypes results in diarrhea; however, infection with EHEC, 
which includes E. coli O157:H7, can cause serious disease including hemolytic uremic 
syndrome. Although they are inactivated by free chlorine, they are also able to enter a 
VBNC state with observed recovery in cultivability (238,242). Waterborne outbreaks of 
pathogenic E. coli have been associated with extreme rainfall events and drinking water 
supplies that are not chlorinated (243–245). 
Exposure Assessment 
Exposure assessment describes the process by which the ingested dose of each organism 
at the moment of exposure is computed. In our case, we begin with the concentration of 
the gene target associated with each pathogen as measured via ddPCR. For each pathogen 
we used maximum likelihood estimation (MLE) to parameterize a log normal distribution 
that maximizes the likelihood of observing the measured concentrations (gene copies per 
uL of reaction mix) . For three genetic targets we performed MLE using probability density 
function values for concentrations above the 95% limit of detection (LOD) and  cumulative 
density values for censored observations – beta giardin (5 above LOD and 37 censored); 
hexon (3 above LOD and 33 censored); STh (5 above LOD and 30 censored). For 
Cryptosporidium (Crypto.) 18S rRNA and ipaH, we observed only one sample positive 
above the 95% LOD from IWS taps, so we included additional detections with at least two 
positive droplets observed in ddPCR – Crypto. 18S rRNA (7 above threshold and 27 
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censored); ipaH (6 above threshold and 30 censored). For norovirus GI and GII, we pooled 
the observed concentrations above the 95% LOD for each genogroup into a single model 
(4 above LOD and 32 censored). Plots of the MLE lognormal model fit to the observed 
concentrations for each gene target are shown in Figures E1 through E6. The mean and 
standard deviation of each lognormal distribution are summarized in Table 9. 
The gene target concentration in the ddPCR reaction mix is then propagated through 
equation (1) (DNA target) or equation (2) (RNA target to account for reverse transcription) 
followed by equations (3), and (4). These equations are formulated on the basis of mass 
balance through ddPCR reaction, elution of the nucleic acid, and lysis of the sample. The 
output from equation (4) is then used in equation (5) assuming mass balance during PEG 
precipitation and ultracentrifugation. We estimated the efficiency of this process using 
normal distributions fit to mean observed recoveries for MS2 (surrogate for viruses) and 
Cryptosporidium (surrogate for protozoa) during experiments by Mull and Hill (112). In 
the absence of E. coli data, we assumed the recovery for bacteria was equivalent of that of 
protozoa. The volume of drinking water filtered by DEUF is estimated using equation (6) 
with the volumes filtered modeled using uniform distributions based on values measured 
in the field and the dummy variable A is a Bernoulli trial with the probability of success 
equal to the proportion of samples that were collected in 2015. To estimate the 
concentration of each gene target in the drinking water, the output from equation (5) and 
equation (6) are used in equation (7). The efficiency of backflushing for viruses, protozoa, 
and bacteria was modeled as a normal distribution fit to observations by Smith and Hill 
(111). The output from equation (7) is the gene copies of each target in one uL of drinking 
water. This output is multiplied by a conversion factor and the volume of drinking water 
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ingested daily as observed in a study of the population of Mysore, India to calculate the 
gene copies of each target ingested daily (246). The detailed equations we used to model 
the exposure that results from the consumption of IWS tap water are summarized in Table 
E1. 
Dose Harmonization 
The dose calculated during the exposure assessment is in units of gene copies per day. The 
gene copies per day for each target must be converted to the appropriate infectious unit for 
the dose-response function associated with that pathogen. In the case of Giardia each cyst 
is equivalent to 16 gene copies of beta giardin (equation 9) (247). However, not all of these 
cysts are viable infectious units. We calculated the expected number of viable cysts based 
on the beta-Binomial (binomial distribution where the probability of success is beta 
distributed) relationship observed by Teunis using the stochastic parameters described in 
Table 9 (248). For Cryptosporidium each oocyst is equivalent to 20 gene copies of the 
small subunit rRNA gene (equation 10) (249–251). Again, not every oocyst is a viable 
infectious unit and we estimate the number of viable oocysts using the beta-Binomial 
distribution as parameterized by Teunis (Table 9) (248). 
For norovirus dose harmonization, we assumed each gene copy was equivalent to one 
genome and thereby one infectious viral particle. The infectious unit for adenovirus is the 
median tissue culture infective dose (TCID50) (252). We converted hexon gene copies to 
TCID50 using conversion factor of 700 gene copies per TCID50 as show in equation (11) 
(253,254). 
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Because Shigella and pathogenic E. coli are susceptible to inactivation by chlorine, we 
used paired enumerations of culturable E. coli in DEUF backflush and the E. coli associated 
gene ybbW to estimate the numbers of viable Shigella and ETEC in the drinking water as 
shown in equations (12) and (13) (141). These equations are formulated around the 
assumption that the ratio of viable E. coli to E. coli genomes would be equivalent to the 
ratio of viable pathogen to pathogen genomes. We used MLE techniques to fit lognormal 
distributions to the observed count of ybbW per uL in ddPCR wells (10 above LOD, 25 
censored) and the observed count of culturable E. coli at IWS taps (5 above 95% LOD, 4 
censored)  as described previously and shown in Figures E7 and E8. The STh and ipaH 
gene copies per genome were modeled as uniform distributions between 1 and 16 and 5 
and 14, respectively (136,255,256). Equations (12) and (13) also include a variable B, a 
binomial distribution with the probability of success equal to the proportion of IWS tap 
samples that were positive for culturable E. coli given the presence of ybbW. The effect of 
this variable is to convert the absolute viable counts to an expected value based on the 
likelihood of observing viable bacteria in samples positive for gene targets. The detailed 
equations each dose harmonization as implemented in our model are described in Table E3 
and the stochastic variables and their associated parameters are listed in Table 9. 
Dose-Response 
 We estimated the probability of infection given a dose of infectious Giardia cysts using 
an exponential model (equation 14) as parameterized by Rose et al. with parameter k 
lognormally distributed (31). We also calculated the probability of infection resulting from 
ingestion of Cryptosporidium oocysts using an exponential model with lognormally 
distributed parameter k (equation 15) (70). 
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Norovirus dose-response models are contentious owing to large uncertainties about model 
parameters and mechanistic versus empirical interpretation (257,258). On the basis of the 
review undertaken by Van Abel, we adopted two dose response models for drinking water 
– one model as a “high risk” representation and one model as a “low risk” representation 
(258).  For our high-risk model, we adopted the fractional Poisson as described by Messner 
(equation 16) assuming a mean aggregate size, μa, of 1 – no aggregation (259). This 
assumption is reasonable based on the observed pH values of the drinking water during 
sampling which were well above the isoelectric point of norovirus. We estimated the 
fraction of the Indian population that is susceptible to norovirus infection (Se+) as a normal 
distribution with mean and standard deviation as observed in a cohort of children in India 
(260). For our low-risk model we adopted the approximate beta-Poisson as parameterized 
by MLE in Van Abel’s analysis (equation 17) with point estimates for parameters alpha 
and the median infectious dose (N50) (258). We elected to model norovirus dose-response 
parameters as fixed values to avoid injecting further variation into dose-response models 
that we selected to provide an envelope of possible risks. 
To quantify the risk of infection with adenovirus we adopted the exact beta-Poisson model 
(equation 18) proposed for oral ingestion as described by Teunis with fixed values for 
parameters alpha and beta (261). This dose response model is based on infection with 
adenovirus 4 and 7, which are not typically associated with gastroenteritis (262). 
Estimating the probability of infection requires evaluating the confluent hypergeometric 
function (Kummer’s function) of the first kind. We evaluated this function using the 
XNumbers (XN.xlam v.6.0, Leonardo Volpi) visual basic application in Excel 2010. We 
embedded this VBA function within our Monte Carlo simulation.  
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We calculated the probability of diarrhea following ingestion of ETEC using an 
approximate beta-Poisson model (equation 19) fit to pooled data from several dose-
response trials using MLE (71,263–266). To incorporate variability in the parameters we 
model the log of alpha and the log of the median infectious dose as normally distributed. It 
should be noted that the estimated probability for this model is that of diarrhea and not 
infection. Lastly, we estimated the probability of infection with Shigella using the 
approximate beta-Poisson model (equation 20) with the log of parameters alpha and the 
median infectious dose normally distributed (267,268). Detailed equations for each dose-
response model we employed are summarized in Table E3 with the associated stochastic 
variables summarized in Table 9. 
Risk Characterization 
The output from the dose-response equations is the daily probability of infection, or 
diarrhea in the case of ETEC, that results from the ingestion of a dose attributable to 
drinking water from an IWS. As we have described our estimated dose represents the 
confluence of both experimental workflows, human behavior via drinking water 
consumption, and biological attributes of the pathogens of interest via dose harmonization 
and dose response. Each of these elements is characterized by variability and uncertainty. 
To propagate this uncertainty and variability into our estimates of risk, we executed our 
model as a Monte Carlo simulation in Crystal Ball where each stochastic variable is drawn 
in independent trials and the estimating equations are calculated for each draw. To estimate 
summary statistics of the daily probability of infection, including deciles, the mean and 
associated confidence interval, and the median and associated confidence interval, we 
bootstrapped the model by executing 200 samples of 1000 trials each and then calculating 
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the resulting summary statistics and their associated hyper-statistics. To convert the daily 
risk estimate into an annual risk estimate, we executed the Monte Carlo simulation and 
generated 10,000 trial values of the probability of infection.  We then assumed 
independence of each daily risk and estimated the annual probability of infection by 
subsampling 365 daily probabilities from the 10,000 generated by the model and calculated 
the annual probability of infection as shown in equation (21). We repeated this process 200 
times and then calculated the resulting summary statistics for the annual probability of 
infection. We executed all experiments using Crystal Ball’s Monte Carlo sampling method 
with an initial seed value of 999.  
𝑃𝑖𝑛𝑓,𝑎𝑛𝑛𝑢𝑎𝑙 = 1 − ∏ (1 − 𝑃𝑖𝑛𝑓,𝑑𝑎𝑖𝑙𝑦,𝑖) , 𝑛 = 365
𝑛
1   (21) 
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TABLE 9: A summary of the stochastic variables as implemented in our risk assessment 
model to estimate the probability of infection associated with IWS tap water in India. 
Model Variable Probability Distribution Reference 
Exposure Assessment 
Concentration in ddPCR 
reaction mix by ddPCR 
(gc/uL) 
Giardia (beta giardin), LN (0.0451, 0.1140) 
Crypto. (18S rRNA), LN (0.0513, 0.0532) 
noro GI/GII (ORF1-2), LN (0.4309, 15.40) 
adeno A-F (hexon), LN (0.2002, 51.29) 
ETEC (STh), LN (0.1914, 1.474) 
Shigella (ipaH), LN (0.0380,0.0690) 
MLE fit to 
experimental data 
PEG efficiency (%),  
viral, N (0.82,0.20) 
protozoan, N (0.89,0.20) 
bacterial, N (0.89,0.20) 
(112) 
Blackfush efficiency (%) 
viral, N (0.57,0.077) 
protozoan, N (0.87,0.18) 
bacterial, N (0.85,0.07) 
(111) 
Volume of backflush total (L) U (0.350,0.450) experimental data 
2015 DEUF or 2017 DEUF, A 
(1 or 0) 
BT (0.37) experimental data 
2015 DEUF Volume (L) U (13.42,22.56) experimental data 
2017 DEUF Volume (L) U (83.35, 122.28) experimental data 
Ingestion drinking water 
(L/day) 
N (1.125,0.4) (246) 
Dose Harmonization and Infectious Unit 
Probability of culturable E. 
coli present given ybbW 
detected, B 
Binom (0.7142) experimental data 
Culturable E. coli at IWS taps 
(CFU/100mL) 
LN (145.0, 6863) 
MLE fit to 
experimental data 
ybbW at IWS taps (gc/uL) LN (2.880, 244.4) 
MLE fit to 
experimental data 
STh gene copy per genome U (1, 16) (255,256) 
ipaH gene copy per genome U (5, 14) (136) 
Prob. of viable Crypto. oocyst, 
PVO 
Beta (0, 1, 1.65, 2.46) (248) 
Prob. of viable Giardia cyst, 
PVC 
Beta (0, 1, 3.00, 17.4) (248) 
Proportion of viable oocyst in 
dose (%) 
Binom (PVO) (248) 
Proportion of viable cyst in 
dose (%) 
Binom (PVC) (248) 
Dose-Response 
Cryptosporidium parvum d-r 
parameter, k 
LN (0.3973, 2.6836) (70) 
Giardia duodeanlis d-r 
parameter, k 
LN (0.0208, 0.0064) (31) 
norovirus, high-risk model, 
susceptible proportion, P(Se+) 
N (0.6098, 0.0280) (260) 
ETEC dose-response 
parameters, alpha, N50 
log alpha N (-1.123, 0.1653) 
log N50 N (6.230, 0.643) 
(263–266) 
Shigella spp. dose-response 
parameters, alpha, N50 
log alpha N (-0.5768, 0.0961) 
log N50 N (3.170, 0.1397) 
(267,268) 
LN = lognormal (mean,sd); N = normal (mean,sd); U = uniform (max,min); BT = Bernoulli trial (Prob of success); Beta 
= beta distribution (min, max, alpha, beta); Binom = binomial distribution (Prob of success) 
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Daily Probability of Infection 
Using our Monte Carlo simulation as described, we estimated the daily and annual risks of 
infection associated with the consumption of tap water from an IWS for six different fecal-
oral pathogens. For each one we estimated the mean, median, 10th percentile, and 90th 
percentile of the daily probability of infection via bootstrapping. Our model estimated 
substantial risks associated with IWS for each pathogen. For both viral pathogens and 
Cryptosporidium, the estimated daily risks at the 10th percentile exceed the annual risk of 
1 in 10,000 specified by the US EPA. For Giardia the 10th percentile daily risk of infection 
was 6.62 x 10-5 or 1 in 15,106. While for ETEC and Shigella the 10th percentile risks were 
2.52 x 10-9 (1 diarrheal case in 396 million) and 1.26 x 10-5 (1 in 79,365). Both the low-
risk and high-risk dose-response models for norovirus predicted significant risk of infection 
even at the 10th percentile (high-risk model: 1 in 7; low-risk model: 1 in 1,800). The 10th 
percentile daily risk of infection for adenovirus was also significant at 1 in 585. At the 
median percentile of risk only the risk of diarrhea associated with ETEC remains below 1 
in 10,000. The cumulative distributions of the daily risk of infection (diarrhea for ETEC) 
associated with exposure to each pathogen via IWS tap water are shown in Figures E9 
through E15. The observed means for each pathogen except the norovirus high-risk model 
are in the 68th to 93rd percentile reflecting the right-skewed nature of the lognormal 
models used to estimate microbial counts. For the norovirus high-risk cumulative 
distribution, the mean is in the 27th percentile owing to the fractional-Poisson dose-
response model and the susceptible population (mean = 61%). Based on these results, 
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summarized in Table 10, even a single day of ingesting tap water as delivered by an IWS 
would represent a significant risk of infection. 
TABLE 10: Measures of central tendency of the daily risk of infection (diarrhea for ETEC) 
and the 10th and 90th percentiles as estimated by bootstrapping of the Monte Carlo model 











Giardia 6.62 x 10-5 
7.24 x 10-4 
(6.33 x 10-4 – 8.19 x 10-4) 
3.90 x 10-3 
(3.07E-3 – 4.91E-3) 
8.06 x 10-3 
Cryptosporidium 3.83 x 10-4 
9.48 x 10-3 
(7.88 x 10-3 – 1.17 x 10-2) 
7.32 x 10-2 
(6.72 x 10-2 – 8.50 x 10-2) 
2.04 x 10-1 
norovirus 
High Risk 
1.48 x 10-1 
5.91 x 10-1 
(5.87 x 10-1 – 5.95 x 10-1) 
5.05 x 10-1 
(4.92 x 10-1 – 5.18 x 10-1) 
6.38 x 10-1 
norovirus 
Low Risk 
5.43 x 10-4 
1.83 x 10-2 
(1.45 x 10-2 – 2.17 x 10-2) 
4.89 x 10-2 
(4.49 x 10-2 – 5.30 x 10-2) 
1.48 x 10-1 
adenovirus 1.71 x 10-3 
8.71 x 10-3 
(7.76 x 10-3 – 9.56 x 10-3) 
2.12 x 10-2 
(1.91 x 10-2 – 2.34 x 10-2) 
5.25 x 10-2 
ETEC 
(diarrhea) 
2.52 x 10-9 
1.34 x 10-6 
(9.00 x 10-7 – 1.84 x 10-6) 
4.59 x 10-3 
(2.27 x 10-3 – 7.55 x 10-3) 
6.62 x 10-4 
Shigella 1.26 x 10-5 
3.20 x 10-3 
(2.23 x 10-3 – 4.46 x 10-3) 
7.97 x 10-2 
(6.61 x 10-2 – 9.14 x 10-2) 
3.01 x 10-1 
 
Sensitivity Analysis 
For each model we assessed the sensitivity of the estimated risk of infection to each 
stochastic input parameter by means of the rank order correlation.  The rank order 
correlations we observed during the Monte Carlo simulation for each pathogen and dose-
response model are displayed in Figures E16 to E22. For the protozoan pathogens Giardia 
and Cryptosporidium the estimated risks were strongly correlated with the dose-response 
parameter k (0.78 for Crypto; 0.16 for Giardia), the gene target concentration as measured 
by ddPCR (0.74 for Giardia; 0.33 for Crypto), DEUF sample volume (0.46 for Giardia; 
0.34 for Crypto), and the viability models (0.30 for Giardia; 0.26 for Crypto). In the high-
risk model (Figure E18), the estimated risk of infection with norovirus was most sensitive 
to the gene target ddPCR concentration (0.66) followed by the proportion of the population 
that is susceptible  (0.47), the DEUF sample volume (0.21) and the daily volume of 
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drinking water ingested (0.12). As shown in Figure E19, in the low-risk norovirus model, 
the estimated risk remained strongly correlated with the gene target ddPCR concentration 
(0.92), DEUF sample volume (0.29) and the daily drinking water consumption (0.15). The 
estimated risk of infection for adenovirus was most sensitive to DEUF volume (0.63), gene 
target ddPCR concentration (0.62), and drinking water ingestion (0.29). For bacterial 
pathogens ETEC and Shigella, both estimated risks were sensitive to the ybbW 
concentration by ddPCR (-0.59 ETEC; -0.67 Shigella), the E. coli count by membrane 
filtration (0.56 ETEC; 0.62 Shigella), and the measured concentration of virulence genes 
by ddPCR (0.40 ETEC; 0.26 Shigella). However, they differed in their sensitivity to the 
approximate beta-Poisson dose response parameters with ETEC most sensitive to the 
median infectious dose (-0.28) and Shigella most sensitive to the parameter alpha (-0.08). 
Annual Probability of Infection 
Given the substantial daily risks of infection we observed for each pathogen, it is not 
surprising that the annualized risks of infection, as calculated by equation 21 and shown in 
Table 11, approach certainty at even the lowest percentiles. Based on this estimate 
everyone exposed to IWS should experience an infection with Giardia, Cryptosporidium, 
norovirus, adenovirus, ETEC, and Shigella in a year. Given the extremity of this 
estimation, we also calculated the annual probability of infection given a constant daily 
probability of infection fixed at the 10th percentile, median, mean, and 90th percentile as 
shown in Table 12. Even with the daily probability of infection fixed at the 10th percentile, 
the annual risk of infection for every pathogen except ETEC exceeds the US EPA 
acceptable risk threshold of 1 in 10,000 by at least an order of magnitude. 
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TABLE 11: The annual risk of infection for each pathogen attributable to IWS as estimated 













(76.2 – 78.1) 
76.9 
(75.9 – 77.8) 
86.0 
Cryptosporidium 100 100 100 100 
norovirus 
(high-risk) 
100 100 100 100 
norovirus 
(low-risk) 
100 100 100 100 





(77.1 – 87.0) 
76.2 
(73.3 – 79.1) 
99.4 
Shigella 100 100 100 100 
 
TABLE 12: The annual probability of infection for each pathogen attributable to IWS in 
India as calculated with the daily probability of infection fixed at the denoted value. 
 
Pathogen 
Daily P fixed 
at 10th 
Percentile (%) 
Daily P fixed 
at 
Median (%) 
Daily P fixed 
at 
Mean (%) 




Giardia 2.39 23.2 76.0 94.8 
Cryptosporidium 13.0 96.9 100 100 
norovirus 
High Risk 
100 100 100 100 
norovirus 
Low Risk 
18.0 99.9 100 100 
adenovirus 46.5 95.9 100 100 
ETEC 
(Prob diarrhea) 
9.2 x 10-5 0.05 8.13 21.5 
Shigella 0.46 69.0 100 100 
 
Comparison with Previous Risk Assessment of IWS 
We previously estimated the risk of infection and waterborne disease via IWS using E. coli 
counts pooled from several different IWSs and the observed pathogen to E. coli ratios in 
sewage (97). The median daily probabilities of infection based on this estimate were 
approximately 10-5 for Campylobacter, 10-7 for Cryptosporidium, and 10-6 for rotavirus. 
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Within microbial classes we compare the current median risk of infection for bacteria 
(ETEC and Shigella) at 10-6 to 10-3, for protozoa (Crypto. and Giardia) at 10-3 to 10-4, and 
viruses (adenovirus and norovirus) at 10-3 to 10-1. Our current risk assessment consistently 
places the median daily risk of infection several orders of magnitude higher than the 
previous across each microbial class. For protozoa, the 10th percentiles of the daily risk of 
infection in the current estimate are equivalent to the 65th to 85th percentiles of the 
previously estimated risk of infection for Cryptosporidium. The 10th percentiles of risk for 
viruses in the current estimate (norovirus low-risk and adenovirus) are equivalent to the 
60th and 70th percentiles estimated for rotavirus in the previous assessment. Lastly, the 
10th percentiles of risk associated with bacteria in the current estimate are equivalent to 
the 20th and 45th percentiles of risk estimated for Campylobacter.  
These large differences in percentiles could be the result of the water quality data used for 
the current assessment truly being worse than the water quality observed in the previous 
assessment; however, the median E. coli count in the current model 3.05 CFU/100 mL is 
equivalent to the 58th percentile of E. coli counts in the previous model and compares 
reasonably well with its median value of 1.58 CFU/100 mL. If we populate point estimates 
from the previous model using the median E. coli count for the current assessment, the 
estimated daily risks of infection are the same order of magnitude for each reference 
pathogen except rotavirus, where the estimated risk is one order of magnitude higher. 
Therefore, the discrepancy between the two models is not explained by microbial water 
quality as measured by culturable E. coli. 
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Infections Attributable to IWS in India 
Based on the equivalence of the 10th percentile of risk for bacterial pathogens in the current 
assessment and the 20th to 45th percentiles of risk in the previous assessment, we adopt 
the annual infection of risks based on the daily infection risk fixed at the 10th percentile 
for estimating a plausible number of infections among the population of India. We consider 
this a reasonable approach because both the previous and current estimate make use of E. 
coli by culture method to estimate the number of viable bacterial pathogens. Additionally, 
the median infectious doses of Shigella and Campylobacter are roughly equivalent 
(Campylobacter: 1690; Shigella: 1479) making the equivalence of the 10th percentile for 
Shigella in the current estimate and the 45th percentile for Campylobacter in the previous 
comparable. Based on the annual risk of infection from the current model, IWS could 
account for up to 11 million Giardia infections, 60 million Cryptosporidium infections, 83 
million norovirus infections, 214 million adenovirus infections, and 2.17 million Shigella 
infections among the 460 million urban dwellers in India. However, there are important 
uncertainties and limitations to consider with these estimates. 
Limitations and Uncertainties 
Despite our best efforts to implement a sophisticated risk assessment model populated with 
data obtained using advanced environmental microbiology sampling techniques, the 
improbability of the resulting risk estimates emphasizes the limitations of such techniques.  
First, even when using advanced techniques such as DEUF to concentrate microbes from 
drinking water, most measures are censored at concentrations that represent substantial 
levels of risk. For example, we estimate the 95%LOD for the ipaH gene assay to be 0.205 
gc/uL. In the current model framework this would equate to a 3.1% chance of infection per 
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day, which is the 69th percentile of the daily risk of infection. Across all gene target 95% 
LODs the equivalent percentiles of daily risk range from the 55th (adenovirus) to the 75th 
(Giardia).  
During the sensitivity analysis we found the estimated risk for each class of pathogen was 
sensitive to the volume of water sampled via DEUF. This is because greater volumes of 
water filtered equates to lower limit of detection in the drinking water matrix. While it may 
be possible to sample several thousand liters of water with this method, the limitations are 
fundamentally found in the assay of only microliters via ddPCR while exposure is 
considered in liters per day of ingestion (111,246). Because there are 1 million microliters 
in a liter, any concentration method must achieve at least a 1 to 500,000 concentration to 
assay the equivalent of one exposure in a single PCR well (assuming a 2uL sample 
addition). If we factor in limits of detection and even quantification the necessary 
concentration is even greater (147). The end result of these constraints are data sets such 
as the one we used to parameterize our model where more than 75% of measures are 
censored and measures above the LOD only characterize the highest levels of risk. 
Next are the limitations of using molecular measures of genetic targets as proxies for viable 
and infectious microorganisms. While it may seem that such genes are less distal proxies 
than indicator organisms, the tradeoffs between the molecular versus indicator techniques 
are uncertain. The previous IWS risk assessment made use of E. coli counts and pathogen 
to indicator ratios observed in sewage where viability is explicitly considered in the 
measures. Whereas, in our current assessment we relied upon genetic measures and 
mathematical models or assumptions regarding viability.  
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Our current sensitivity analysis indicated that the estimated risk levels for every pathogen 
were sensitive to the concentration of target genes as measured by ddPCR. In the case of 
protozoan and bacterial pathogens, we attempted to convert genetic targets to infectious 
units using previously described quantitative relationships between genes and infectious 
units. In both cases the sensitivity analysis corroborated that estimated risks were sensitive 
to such parameters. In the model the mean Cryptosporidium oocyst viability is 40.4% and 
the mean Giardia cyst viability is 14.7%. These estimates are based on observations in 
surface water and may greatly overestimate the viability of oocysts and cysts following 
water treatment distribution (248,269). 
In the case of viral pathogens, we assumed that each genetic copy detected represented an 
infectious viral particle. Given the low concentration of free chlorine observed at IWS taps 
(59.8% of samples less than 0.2 mg/L) this assumption may be plausible for norovirus, 
which is more resistant to chlorine (225). But for adenovirus which is readily inactivated 
by free chlorine even at concentrations as low as 0.2 mg/L this assumption is more suspect. 
Given the certainty of infection with both viruses predicted by our model, it seems unlikely 
that every genetic element detected in distributed drinking water samples represents an 
infectious viral unit. 
For bacterial pathogens, we incorporated estimates of viability using culture-based E. coli 
measures in combination with ddPCR measures of genetic targets. Both Shigella and 
pathogenic E. coli are readily inactivated by free chlorine, but they are also capable of 
entering a VBNC state due to environmental stress. We attempted to reflect this in our 
model through culture-based counts of E. coli. Although the annual risks of infection still 
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approach certainty, the use of both genetic and culture methods in tandem provides more 
plausibility to this estimate.  
In addition to the limitations of environmental microbiology, there are the fundamental 
limitations of QMRA. At the center of every QMRA model are dose-response functions. 
Such functions are usually fit to dose-response trial data with limited dose levels and small 
sample sizes at each dose level (270). Further, these models are most uncertain at low doses 
which are most relevant to exposures via drinking water. The end result are dose-response 
models that are contentious such as norovirus (257,258). In our model we incorporated a 
high-risk model assuming no aggregation of viral particles (1 viral particle per dose unit), 
which is expected to accurately reflect norovirus behavior in environmental compartments. 
On the other hand, the aggregation parameter value suggested by MLE on the dose-
response trial data is 1,106 viral particles per dose unit. In the case of the adenovirus model 
we employed, it was parameterized based on pooled data from various experiments and 
included data from an oral ingestion experiment of adenovirus 4 and 7 where all exposures 
resulted in asymptomatic infection  (261). These difficulties aside, dose-response models 
are also usually fit to trial data associated with health adults in high-income countries and 
likely greatly underestimate the risk for vulnerable populations including children under 5, 
the elderly, and the immunocompromised. Additionally, infection in these models is 
considered an independent event, but, for children and adults living in low-income settings, 
coinfection is likely and the effects of such on dose-response remain largely unknown. 
Additional limitations in QMRA are associated with the exposure assessment. Some 
limitations are fundamental such as our current approach of modeling daily exposure in a 
single consumption of the entire day’s volume of water rather than many small-volume 
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exposures in a single day. It is possible that ingesting water in more frequent smaller 
volumes could decrease the consumed dose for each event and thereby decrease the overall 
risk. In our model we adopted the single daily consumption as a risk-conservative 
approach.  
The exposure assessment portion of our model features additional limitations specific to 
IWS. In our model we assessed the water quality at the water meter and therefore excluded 
the household water management activities necessitated by intermittent supply (271). 
These household level behaviors could increase the risk of infection via contamination at 
the household level or decrease it through the efficacious use of point-of-use treatment 
technologies (88,272). The net detriment or benefit of such behavior remains unknown. 
Despite the limitations and uncertainties, our assessment highlights several important 
findings regarding the risk of infection associated with IWS in India. First, our model 
indicates that IWS could plausibly account for 11 million infections of Giardia, 60 million 
Cryptosporidium infections, and 2.17 million Shigella infections among those living with 
IWS in the cities of India. Further, the risk of infection associated with five out of six 
pathogens in the model exceeds the US EPA acceptable risk threshold of 1 in 10,000 by 
orders of magnitude. While the estimated risks of infection for the viral pathogens included 
in our model seem improbable, it is not unlikely that the risk associated with these 
microbial classes also exceeds the 1 in 10,000 threshold since they are each more resistant 
to chlorine disinfectant and environmental degradation than bacteria such as Shigella. 
Thus, endemic waterborne disease associated with IWS is likely a significant contributor 






During the Millennium Development Goal era from 2000 to 2015, 1.2 billion people were 
newly connected to a piped-on-premise water supply. Despite the improvements in 
accessibility and water quality associated with piped supplies, they can also become 
efficient transmitters of waterborne disease as during a Cryptosporidium outbreak in 
Milwaukee that sickened up to 403,000 (5). Piped water supplies are still subject to 
frequent fecal contamination as evidenced by the presence of indicator bacteria (273). The 
public health impacts of such contamination are corroborated by epidemiology trails that 
have estimated a 1.34-fold increase in the risk of gastrointestinal illness among people 
consuming tap water from deficient water distribution systems (14). Such trials have also 
found that interruptions in water supplies that are normally operated continuously are 
associated with a 3.26-fold increase in GII (14). 
In many settings piped water supplies are intentionally interrupted to manage scarcity of 
water or other resources in a delivery mode known as intermittent water supply (IWS) (15). 
IWS is reported in 43% of the countries represented in the International Benchmarking 
Network (17). Studies of water quality in supplies operated intermittently indicate that such 
supplies are often contaminated with various fecal indicators, but that such contamination 
is not homogenous, and contamination levels can vary both between and within IWSs. 
Epidemiology trials indicate that IWS is associated with the transmission of typhoid fever, 
cholera, and diarrhea and gut inflammation among children in certain contexts (28,29,180–
182). But the largest longitudinal trial comparing diarrheal disease rates among users of 
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IWS versus CWS in India found no association between exposure to IWS and diarrhea 
(29).  
Given this heterogeneity, quantitative microbial risk assessment offers another strategy for 
quantifying the public health risks of IWS (30). Such risk assessments rely on robust 
environmental microbiology data to characterize human exposures to pathogens and 
estimate the subsequent risk of infection and/or diarrheal disease. 
We first used QMRA to estimate the global diarrheal burden of disease associated with 
IWS. We used a large dataset of E. coli measures in samples collected from IWS networks 
and pathogen to E. coli ratios in sewage to estimate daily and annual probabilities of 
infection associated with three reference pathogens – Campylobacter, Cryptosporidium, 
and rotavirus. The median daily risks of infection for each was estimated to be 4.25 x 10-5, 
1.98 x 10-7, and 8.47 x 10-6, respectively. The annual risks of infection for each pathogen 
exceeds the US EPA standard of 1 in 10,000. Based on the annual risks of infection with 
the three reference pathogens considered and WHO DALY weightings, IWS could account 
for 17.2 million infections globally which cause 4.52 million cases of diarrhea, 109,000 
DALYs, and 1,560 deaths.  
During our first IWS QMRA, we found that our estimated risk was sensitive to the assumed 
ratios of pathogens to E. coli and the E. coli counts from IWS networks. We used this 
approach to formulate an initial estimate because robust datasets pertinent to waterborne 
pathogens in IWSs were not available. In response to this lack of data, we developed and 
field tested a method to quantify gene targets associated with waterborne pathogens using 
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dead-end ultrafiltration (DEUF), PEG precipitation and ultracentrifugation, and droplet 
digital PCR (111,112,118). 
During a cross-sectional sampling event in May of 2017 we collected 23 DEUF samples 
and paired grab samples from an IWS in Jaipur, India. We adapted qPCR assays targeting 
genes associated with enterotoxigenic E. coli, Shigella spp., Cryptosporidium, Giardia, 
norovirus GI and GII, and adenovirus A-F to ddPCR format and determined the 95% LOD 
for each one (147). We assayed DEUF concentrates from samples collected in Jaipur and 
estimated the concentration of genetic targets using both manual and Umbrella 
thresholding. Our results indicate that in Jaipur, groundwater pumped directly into the 
water distribution network without disinfection likely poses a significant risk of infection 
as we detected genes associated with Cryptosporidium, Giardia, and ETEC in samples 
from tube wells that were also positive for culturable E. coli. During our study we also 
found that DEUF and ddPCR combined could detect gene targets associated with 
waterborne pathogens with increased sensitivity compared to culture based methods; 
however, the limits of detection were still such that detecting pathogens at concentrations 
relevant to risk-based standards requires filtering thousands to hundreds of thousands of 
liters of drinking water. These findings indicate that risk assessments of distributed 
drinking water will likely continue to rely on culture-based and molecular-based methods 
to make robust estimates of risk. 
We also leveraged our DEUF and ddPCR workflow in a natural experiment to compare 
microbial water quality between IWS and CWS as the city of Nagpur, India works to 
transition its entire water supply to CWS. During sampling in 2015 and 2017 we collected 
grab samples and DEUF samples totaling a volume of 6,925 liters from household taps 
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served by IWS and CWS. We measured physicochemical water quality parameters, fecal 
indicator bacteria by culture-based methods, and gene targets associated with six fecal-oral 
pathogens by ddPCR. The fecal indicator and physicochemical data suggest increased 
degradation of water quality between the storage reservoir and households taps in IWS 
versus CWS zones; however, these differences are not statistically significant. We did 
observe a statistically significant greater proportion of grab samples positive for E. coli 
from household taps in IWS zones compared to CWS zones. We also detected genes 
associated with ETEC, Shigella, norovirus GI and GII, adenovirus, Cryptosporidium, and 
Giardia at increase prevalence in samples from IWS taps compared to CWS taps. Despite 
the sample size limitations of our study, the results suggest that in the Indian context IWS 
is associated with increased likelihood of exposure to waterborne pathogens compared to 
CWS. 
Using the microbial data we collected in Nagpur, we formulated a QMRA to estimate the 
health risks associated with IWS using molecular biology data as the basis for exposure 
assessment.  We used Monte Carlo simulation with 22 stochastic variables and 21 
equations to quantify human exposure to infectious pathogens via IWS tap water. Our 
model estimates substantial risks of infection from even a single exposure to drinking water 
delivered by an IWS in India. The daily 10th percentile of infection risk for Giardia, 
Cryptosporidium, norovirus, adenovirus, and Shigella exceeds the US EPA annual risk 
threshold of 1 in 10,000. Given this tremendous risk level, we estimated the annual 
probability of infection assuming the daily infection risk was fixed at the 10th percentile 
for each pathogen. Based on this risk level and dose-harmonization approaches to estimate 
viability, IWS could account for up to 11 million Giardia infections, 60 million 
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Cryptosporidium infections, and 2.17 million Shigella infections annually among the 460 
million Indians consuming water from an IWS. These risks are several orders of magnitude 
greater than those estimated via fecal indicator counts and pathogen to indicator ratios. 
Despite the uncertainties of translating gene copy numbers to viable infectious units, our 
results add further evidence that the risk of infection associated with IWS exceeds the 1 in 
10,000 US EPA standard. 
The results of our work indicate that operating piped water supplies intermittently causes 
an increase in the risk of exposure to fecally contaminated water and fecal-oral pathogens. 
QMRA indicates that this increased exposure leads to public health risks that exceed both 
US EPA and WHO normative thresholds. While it would be interesting to conduct a 
QMRA comparing IWS and CWS directly, neither our current study in Nagpur nor the 
previous study in Hubli-Dharwad detected E. coli frequently enough to allow for 
parameterization of a risk assessment model. At taps served by CWS in Nagpur, we failed 
to detect a single culturable E. coli in over 1,000 liters of filtered drinking water. 
Importantly, our work also highlights a path forward for reducing waterborne disease 
associated with drinking water in low- and middle-income countries where the number of 
people exposed to IWS is likely to increase due to urbanization, climate change driven 
water scarcity, and deferred investment in infrastructure (198). IWS in these settings is 
driven by causes that are rooted in technical engineering, institutional administration, and 
human behavior (15). In Nagpur, systematic improvements in each of these areas allowed 
for infrastructure improvements made transitioning to CWS financially and technically 
feasible which subsequently improved microbial water quality. First metering and billing 
compliance were improved to increase revenues. Next, these revenues were used to repair 
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and replace the piped distribution networks. Then and only then could CWS be 
implemented and water quality improved. This chain of events outlines a path forward for 
other utilities attempting to transition from IWS to CWS and our microbiological findings 
indicate that the improvements in water quality are significant with direct relevance to 
waterborne pathogens. Since these institutional and infrastructural improvements require 
long timelines, in the near term two strategies can be implemented to improve 
microbiological water quality. First, sources of fecal pollution can be reduced through 
targeted improvements of sanitation infrastructure such as failing sewer lines or pit latrines 
in close proximity to waterlines. Second, water quality can be improved via household 
water treatment at the point-of-use through the design and implementation of technologies 
that offer efficacious treatment through convenient to use devices.     
Finally, our work surrounding IWS indicates that infrastructure-centric metrics such as 
“improved” versus “unimproved” will not suffice to increase access to safe drinking water. 
The Sustainable Development Goals recognize this by defining the highest level of access 
to drinking water as “safely managed drinking water services” which is defined as “located 
on premises, available when needed, and free from contamination” (274,275). Our results 
indicate that IWSs are unlikely to meet these standards. Further, our findings indicate that 
measuring microbes at concentrations relevant to risk-based standards will remain difficult 
if not impossible in most settings. In the near term, measuring safety in drinking water 
supplies will continue to rely on inference from culture-based evidence with large 







TABLE A1: A summary of observed proportions of samples positive and summary 
statistics for measures of various fecal indicators in IWS networks throughout the globe. 
 
Study Location FIB 
Sample 
Size 
PP Reported Statistics* 






Geometric Mean: 4.0 
Min: 0 Max: 75 (CFU/100mL) 
Geometric Mean: 9.0 
Min: 0 Max: 1700 (CFU/100mL) 














FC NR 97% 
Mean: 175 
Min: 0 Max: 400 (CFU/100mL) 
(173) Beruit, Lebanon HPC 12 NR 
Mean: 124 










Mean: 40 (CFU/100mL) 






















































Mean: 880 (MPN/100mL) 
NR 










Median: 0.5 Min: 0.5 Max: 
>2420 (MPN/100mL) 






EC 553 NR Geometric mean: 16 







Mean: 20 Max: 290 
(CFU/100mL) 
Mean: 220 Max: 610 
(CFU/100mL) 







Histogram by risk categories 




EC 142 NR 
Arithmetic Mean: 520 
Geometric Mean: 120 Median: 
10 (CFU/100mL) COV: 5.7 
Histogram by risk categories 





TC 60 22% NR 









FC – fecal coliform; TC – total coliform; HPC – heterotrophic plate count; EC – E. coli; FS – fecal 
streptococci; TTC – thermotolerant coliform; NR – not reported; PP – proportion positive 
*As reported in the literature 
**Multiple bodies performed sampling during the same study with one reporting statistics for TC (n=20) 
and another reporting proportion positive (n=276) 
Bold datasets were used to develop the probability density function for E.  coli in the QMRA Monte Carlo 




TABLE A2: A summary of epidemiological evidence linking IWS and diarrheal disease. 
Study 
Location Design Population Exposure/Control Outcome 
Measure of 
effect 




Consumption of water 
from IWS/Consumption of 




aROR = 2.00 




(177) Palestine CS 
Households 
(n=1625) 
Consumption of water 
from IWS/Consumption of 




ROR = 1.53 
(95% CI: 1.15 
– 2.03) 




Consumption of water 
from greater than 1-day 
intermittency/Consumption 





RR = 1.33 
(95% CI: 0.92 
– 1.91) 





Consumption of water 
from greater than 1-day 
intermittency/Consumption 





RR = 1.49 














Incidence of suspected 
cholera cases following a 
day without tap water 
supply/ Incidence of 
suspected cholera cases 









IRR = 2.55 
(95% CI: 1.54 
– 4.24) 






Consumption of water 
from IWS/ Consumption 








(1) PR = 
1.08** 
(95% CI: 0.96 
– 1.20) 
 
(2) CIR = 
1.72** 
(95% CI: 1.28 
– 2.44) 
*CS – Cross-section; LC – longitudinal cohort; E – ecological 











FIGURE B1: Boxplots of the field observed log E. coli counts and the modeled log E. coli 





FIGURE B2: Frequency distributions of field-observed and maximum likelihood estimated 







































































1 10 100 1000 10000 100000 1000000
Frequency distribution of E. coli counts (#/100 mL)




FIGURE B3: Cumulative distribution of E. coli counts in an IWS as observed in the field 
and modeled using a lognormal distribution parameterized using maximum likelihood 
estimation (MLE). 
 
FIGURE B4: Record screening flow chart for IBNET records used to estimate the global 
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TABLE B1: Point estimates of the daily and annual probability of infection, and annual 
disease burden assuming the median E. coli concentration and raw sewage as the source 
of fecal contamination in an IWS. These calculations demonstrate the mathematical 
framing and calculations associated with the QMRA model. Annual disease burdens 
highlighted in bold exceed the normative burden of disease threshold of 10-6 DALYs per 
person per year. 
 
STATE VARIABLES Cryptosporidium Campylobacter Rotavirus 
(A) Median E. coli 
concentration (CFU/100 mL) in 
IWS tap water 
1.3 1.3 1.3 
(B) Median pathogen to EC 
ratio in sewage 
2.11E-07 5.79E-05 5.61E-07 
(C) Pathogen concentration 
(N/mL) in IWS tap water (A*B) 
2.80E-09 7.70E-07 7.46E-09 
(D) Median tap water 
consumption (mL/day) 
1500 1500 1500 
(E) Pathogen dose (N) (C*D) 4.20E-06 1.16E-03 1.12E-05 
(F) Probability of infection 
(daily) 
2.40E-07 2.28E-05 6.65E-06 
(G) Probability of infection 
(annual) (1-[1-F]^365) 
8.77E-05 8.28E-03 2.42E-03 
(H) Annual disease burden 
(DALY per person per year) 
9.21E-08 1.14E-05 7.60E-05 
 
 
TABLE B2: Point estimates of the daily and annual probability of infection, and annual 
disease burden assuming the mean E. coli concentration and raw sewage as the source of 
fecal contamination in an IWS. Annual disease burdens highlighted in bold exceed the 
normative burden of disease threshold of 10-6 DALYs per person per year. 
 
STATE VARIABLES Cryptosporidium Campylobacter Rotavirus 
(A) Mean E. coli concentration 
(CFU/100 mL) in IWS tap water 
404.0 404.0 404.0 
(B) Median pathogen to EC 
ratio in sewage 
2.11E-07 5.79E-05 5.61E-07 
(C) Pathogen concentration 
(N/mL) in IWS tap water (A*B) 
8.51E-07 2.34E-04 2.27E-06 
(D) Median tap water 
consumption (mL/day) 
1500 1500 1500 
(E) Pathogen dose (N) (C*D) 1.28E-03 3.51E-01 3.40E-03 
(F) Probability of infection 
(daily) 
7.30E-05 6.74E-03 2.01E-03 
(G) Probability of infection 
(annual) (1-[1-F]^365) 
2.63E-02 9.15E-01 5.20E-01 
(H) Annual disease burden 
(DALY per person per year) 







TABLE B3:  Point estimates of the daily and annual probability of infection, and annual 
disease burden assuming the median E. coli concentration and raw sewage as the source 
of fecal contamination in an IWS, as characterized in the Guidelines for Drinking Water 
Quality 4th Edition Table 7.6. Annual disease burdens highlighted in bold exceed the 
normative burden of disease threshold of 10-6 DALYs per person per year. 
 
STATE VARIABLES Cryptosporidium Campylobacter Rotavirus 
(A) Median E. coli 
concentration (CFU/100 mL) in 
IWS tap water 
1.3 1.3 1.3 
(B) Mean pathogen to EC ratio 
in untreated wastewater 
1.00E-06 1.00E-04 5.05E-07 
(C) Pathogen concentration 
(N/mL) in IWS tap water (A*B) 
1.33E-08 1.33E-06 6.72E-09 
(D) Median tap water 
consumption (mL/day) 
1500 1500 1500 
(E) Pathogen dose (N) (C*D) 2.00E-05 2.00E-03 1.01E-05 
(F) Probability of infection 
(daily) 
1.14E-06 3.94E-05 5.99E-06 
(G) Probability of infection 
(annual) (1-[1-F]^365) 
4.16E-04 1.43E-02 2.18E-03 
(H) Annual disease burden 
(DALY per person per year) 




FIGURE B5: Cumulative distributions of the daily probability of infection with Campylobacter and the associated annual burden of 
disease assuming consumption of fecally contaminated tap water from an IWS. 
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FIGURE B6:  Cumulative distributions of the daily probability of infection with Cryptosporidium and the associated annual burden of 





FIGURE B7: Cumulative distributions of the daily probability of infection with rotavirus and the associated annual burden of disease 
assuming consumption of fecally contaminated tap water from an IWS. 
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TABLE B4: Results of the tornado analysis and rank correlation to assess the sensitivity 
of the estimated risk of infection for Campylobacter to input parameters when 











Campylobacter to E. coli ratio 85.49 85.49 0.71 
E. coli count in IWS tap water 8.52 94.01 0.50 
Campylobacter alpha 5.40 99.41 -0.35 
Campylobacter N50 0.58 99.99 -0.26 
tap water consumption 0.01 100.00 0.06 
 
TABLE B5: Results of the tornado analysis testing the sensitivity of the estimated risk of 
infection for Cryptosporidium to input parameters when considering consumption of 











E. coli in IWS tap water 45.86 45.86 0.59 
Cryptosporidium to E. coli ratio 32.75 78.61 0.56 
Cryptosporidium k 21.34 99.95 0.51 
tap water consumption 0.05 100.00 0.04 
 
TABLE B6: Results of the tornado analysis testing the sensitivity of the estimated risk of 
infection for rotavirus to input parameters when considering consumption of fecally 











E. coli count in IWS tap water 81.42 81.42 0.75 
rotavirus to E. coli ratio 9.79 91.21 0.43 
rotavirus alpha 7.35 98.56 -0.37 
rotavirus N50 1.35 99.91 -0.24 







TABLE B7: Estimate of the global population served by IWS by projecting IBNET 




























95% CI: 369 – 447 million 
44.2% 
Western Pacific, LMI 
179,000,000 








FIGURE B8: Map of the geographic range and estimated magnitude of the population 
served by IWS by country. 
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TABLE B8: The annual burden of diarrheal disease attributable to IWS based on the median daily probabilities of infection for 
Campylobacter, Cryptosporidium and rotavirus assuming consumption of fecally contaminated tap water from an IWS. The rotavirus 





ANNUAL INFECTIONS (Median Pinf) ANNUAL CASES OF DIARRHEA (Median Pinf) ANNUAL DEATHS (Median Pinf) 
ANNUAL DIARRHEAL DALYs 
 (Median Pinf) 
CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL 
Africa 116,000,000 1,789,771 8,383 358,068 2,160,000 536,931 5,868 23,274 566,000 56 0 140 196 2,470 9 11,218 13,700 




103,000,000 1,589,194 7,444 317,939 1,910,000 476,758 5,210 20,666 503,000 50 0 124 174 2,193 8 9,961 12,200 
Europe, LMI 71,000,000 1,095,464 5,131 219,162 1,320,000 328,639 3,592 14,246 346,000 34 0 85 120 1,512 5 6,866 8,380 
South East Asia 409,000,000 6,310,487 29,557 1,262,497 7,600,000 1,893,146 20,690 82,062 2,000,000 198 0 492 691 8,708 30 39,554 48,300 
Western 
Pacific, LMI 
179,000,000 2,761,803 12,936 552,535 3,330,000 828,541 9,055 35,915 874,000 87 0 215 302 3,811 13 17,311 21,100 





FIGURE B9:  Cumulative distributions, by etiology and in total, of the annual diarrheal burden of disease and deaths attributable to 
consumption of fecally contaminated tap water among the 925 million global users of IWS. 
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TABLE B9: The annual burden of diarrheal disease attributable to IWS based on the median daily probabilities of infection for 
Campylobacter, Cryptosporidium and rotavirus assuming consumption of fecally contaminated tap water from an IWS. The rotavirus 




ANNUAL INFECTIONS (Median Pinf) ANNUAL CASES OF DIARRHEA (Median Pinf) ANNUAL DEATHS (Median Pinf) 
ANNUAL DIARRHEAL DALYs 
 (Median Pinf) 
CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL CAMPY CRYPTO ROTA ALL 
Africa 116,000,000 1,789,771 8,383 358,068 2,160,000 536,931 5,868 10,742 554,000 56 0 2 58 2,470 9 153 2,630 




103,000,000 1,589,194 7,444 317,939 1,910,000 476,758 5,210 9,538 492,000 50 0 1 51 2,193 8 135 2,340 
Europe, LMI 71,000,000 1,095,464 5,131 219,162 1,320,000 328,639 3,592 6,575 339,000 34 0 1 35 1,512 5 93 1,610 
South East Asia 409,000,000 6,310,487 29,557 1,262,497 7,600,000 1,893,146 20,690 37,875 1,950,000 198 0 6 204 8,708 30 538 9,280 
Western 
Pacific, LMI 
179,000,000 2,761,803 12,936 552,535 3,330,000 828,541 9,055 16,576 854,000 87 0 2 89 3,811 13 235 4,060 







FIGURE C1:   Attributable fraction of mild-to-severe diarrhea in 24- to 59-month olds as 
measured by molecular methods at three southeast Asian study sites during GEMS. 




FIGURE C2: Attributable fraction of mild-to-severe diarrhea in 24- to 59-month olds as 
measured by molecular methods are three southeast Asian study sites during GEMS with 

















































































FIGURE C3: Attributable fraction of diarrhea in 12- to 24-month olds as measured by 
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TABLE C1. Primer and probe sequences for probe-based qPCR assays adapted to ddPCR and used as controls in interrogation of DEUF 
concentrate samples from drinking water. 
 























syncytial virus (Positive 







































95 C 10 min; 
95 C 30s, 58.7 C 1 min (40x); 
98 C 10 min; 4 C hold 
1.5 




95 C 10 min; 
95 C 30s; 54.6 C 1 min (40x); 
98 C 10 min; 4 C hold 
5.7 




95 C 10 min; 
95 C 30s, 54.6 C 1 min (40x); 
98 C 10 min; 4 C hold 
5.9 
Shigella/EIEC ipaH gBlock DNA HEX 181 
95 C 10 min; 
95 C 30s, 58.7 C 2 min (40x); 
98 C 10 min; 4 C hold 
4.1 
ST-ETEC STh gBlock DNA FAM 73 
95 C 10 min; 
94 C 30s, 54.6 C 1 min (40x); 




Crypto 18S gBlock DNA HEX 80 
95 C 10 min; 
94 C 30s, 54.6 C 1 min (40x); 




beta giardin gBlock DNA FAM 143 
95 C 10 min; 
95 C 30s, 58.7 C 1 min (40x); 
98 C 10 min; 4 C hold 
1.7 
MS2 MS2g1 gBlock DNA HEX 99 
95C 10 min; 
95 C 30s, 59.9 C 1 min (40x); 
98 C 10 min; 4 C hold 
5.6 
E. coli ybbW gBlock DNA EvaGreen 211 
95 C 10 min; 
95 C 30s, 59 C 2 min (40x); 



















BRSV Inforce 3 FAM 124 
95 C 10 min; 
95 C 30s, 56.6 C 2 min (40x); 
98 C 10 min; 4 C hold 
Bovine herpes 
virus 
BoHV Inforce 3 HEX 97 
95 C 10 min; 
95 C 30s, 56.6 C 1 min (40x); 
98 C 10 min; 4 C hold 
Lambda phage Cal 1 lambda gDNA FAM 151 
95 C 10 min; 
95 C 30s, 56.6 C 2 min (40x); 




ultramer RNA HEX 205 
95 C 10 min;  
95 C 30 s, 56.6 C 2 min (40x); 




TABLE C4: Concentration factor calculations for the DEUF and ddPCR workflow as used 
to analyze concentrated water samples from Jaipur, India. 
 










CF2, PEG Precipitation and Ultracentrifugation: 
 
𝐶𝐹2 =  
𝑉𝐵𝐹 ∗  𝜂𝑃𝐸𝐺
𝑉𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
=






𝐶𝐹3 =  
𝑉𝐶𝑜𝑛𝑐 𝑖𝑛𝑡𝑜 𝑙𝑦𝑠𝑖𝑠
𝑉𝑐𝑜𝑛𝑐 𝑖𝑛𝑡𝑜 𝑙𝑦𝑠𝑖𝑠 + 𝑉𝑈𝑁𝐸𝑋
=  
500 𝑢𝐿













CF5, Reverse Transcription: 
 





10 𝑢𝐿 + 10 𝑢𝐿
= 0.5 
 
TCFDNA, Total Concentration Factor for DNA target: 
 
𝑇𝐶𝐹𝐷𝑁𝐴 =
𝑉𝐷𝑊 ∗  𝜂𝐵𝐹
𝑉𝐵𝐹
∗ 66.7 ∗ 0.5 ∗ 5 = 166.75 ∗




TCFRNA, Total Concentration Factor for RNA target: 
 
𝑇𝐶𝐹𝑅𝑁𝐴 =
𝑉𝐷𝑊 ∗  𝜂𝐵𝐹
𝑉𝐵𝐹
∗ 66.7 ∗ 0.5 ∗ 5 ∗ 0.5 = 83.38 ∗







FIGURE C4: Example output from manual thresholding in QuantaSoft (Version 
1.7.4.0917; Bio-Rad, Hercules, CA) during quantification of process control BRSV. Well 
A01 is a sample spiked with 5 uL of Inforce 3 bovine vaccine. Well G03 is a negative 
extraction control and Well H03 is a no-template control. In this case, the user drew the 
threshold for the plate at a Ch1 amplitude of 4200 on the y axis. Each droplet in a well is 
denoted as an “Event” on the x axis. Blue droplets are classified as positive while grey and 





FIGURE C5: Umbrella output from Well A01, a sample spiked with 5 uL of BRSV. The 
y-axis reports the probability of a partition being negative for the target based on the 
fluorescence amplitude distributions observed in the NTC and NEC given the observed 
fluorescence value noted on the x-axis. Each dot on the graph represents a droplet observed 
in the well. The blue droplets have less than a 20% probability to be false negatives and 
are classified as “negative partitions”. The red droplets have less than a 5% probability to 
be false positives and are classified as “positive partitions”. Droplets between these two 
thresholds are displayed as a color gradient between blue and red and are interpreted as 
ambiguous “rain partitions”. The fluorescence histogram at the top demonstrates the 




FIGURE C6: Umbrella results for well H03 an NTC from the BRSV ddPCR experiment. 
The histogram of the fluorescence values reflects the dual banded negative cluster observed 
from the QuantaSoft output in Figure C4. For this well all 12,543 droplets have been 
estimated to have less than a 20% probability of being false negatives and are therefore as 









FIGURE C7: Correlation between the number of positive droplets by manual thresholding 
and Umbrella thresholding as observed for BRSV process control spiked into extracted 
DEUF concentrates from drinking water samples collected in Jaipur, negative extraction 
control, and no-template-control (n=24). 
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FIGURE C8: Variance in the fluorescence amplitude in the negative clusters as observed 
in the NEC (Well E04), two NTCs (Well F04 and G04), and a positive control (Well H04) 








FIGURE C9: Proposed strength-of-evidence paradigm for reporting molecular evidence of 





FIGURE C10: Linear model fit to the log of ybbW gc per PCR reaction versus the log of 
CFU per reaction as observed during drinking water sampling in Jaipur. 
 


























FIGURE D1: Overview of sample collection locations in Nagpur during 2015 and 2017 
sampling. Yellow and red markers denote sample collections in Reshim Bagh (IWS) and 
Karve Nagar (IWS), respectively, during 2015. Purple markers in the upper left are samples 
collected from the Pench 2 WTP and green and blue markers are samples collected in the 





FIGURE D2: Sample collection locations in Karve Nagar (IWS) in 2015 (red markers), 











FIGURE D4:  Boxplots of observed water pressure at household service taps in an IWS 





FIGURE D5:  Boxplots of observed turbidity at Khamla ESR and household taps (IWS) 




FIGURE D6:  Heterotophic plate counts (HPC) as observed in grab samples from an IWS 





FIGURE D7: Proportion of DEUF backflush samples positive for thermotolerant coliforms 





FIGURE D8: Mean TTC counts and associated 95% confidence intervals as observed in 





FIGURE D9: The proportion of grab samples collected from household taps positive for 
E. coli in three IWS service areas (Karve Nagar, Reshim Bagh, Khamla) versus a CWS 




FIGURE D10: E. coli counts at household taps as observed in grab samples collected 
from Karve Nagar (IWS, n=8 countable), Reshim Bagh (IWS, n=9 countable), Khamla 





FIGURE D11: Proportion of DEUF backflush samples positive for E. coli along the CWS 




FIGURE D12: Mean E. coli counts and associated 95% confidence intervals as observed 





FIGURE D13: Quantification of process control BRSV in ddPCR reaction mix by manual 
thresholding and Umbrella thresholding demonstrated perfect linear correlation between 




FIGURE D14: Linear model fit to the log of ybbW gc per PCR reaction versus the log of 












































BRSV (gc/uL) reaction mix by manual thresholding
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TABLE D1: Performance of ddPCR assays as observed during the interrogation of DEUF 








false positive rate 0 0 
problematic wells 0 
discordant pos. 0 
concordant pos. 192 
pos. below 95% LOD n/a n/a 
pos. above 95% LOD n/a n/a 
MS2g1 
false positive rate 0 of 271,027 0 of 271,027 
problematic wells 0 
discordant pos. 9 
concordant pos. 6 
pos. below 95% LOD 13 7 
pos. above 95% LOD 0 1 
beta giardin 
false positive rate 0 of 237,077 0 of 237,077 
problematic wells 2 
discordant pos. 7 
concordant pos. 9 
pos. below 95% LOD 16 11 
pos. above 95% LOD 2 6 
NoV GII 
false positive rate 0 of 253,343 0 of 253,343 
problematic wells 0 
discordant pos. 18 
concordant pos. 9 
pos. below 95% LOD 16 12 
pos. above 95% LOD 3 5 
NoV GI 
false positive rate 0 of 253,343 0 of 253,343 
problematic wells 0 
discordant pos. 22 
concordant pos. 6 
pos. below 95% LOD 17 12 
pos. above 95% LOD 2 3 
ybbW 
false positive rate 3 of 241,070 N/A 
problematic wells N/A 
discordant pos. N/A 
concordant pos. N/A 
pos. below 95% LOD 39 1 
pos. above 95% LOD 51 20 
ipaH 
false positive rate 0 of 265,592 0 of 265,592 
problematic wells 0 
discordant pos. 9 
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TABLE D1: Continued 
concordant pos. 6 
pos. below 95% LOD 9 10 
pos. above 95% LOD 1 1 
hexon 
false positive rate 1 of 265,592 0 of 265,592 
problematic wells 0 
discordant pos. 9 
concordant pos. 17 
pos. below 95% LOD 20 10 
pos. above 95% LOD 8 7 
STh 
false positive rate 0 of 215,395 0 of 215,395 
problematic wells 8 
discordant pos. 20 
concordant pos. 35 
pos. below 95% LOD 29 43 
pos. above 95% LOD 8 11 
Crypto. 18S rRNA 
false positive rate 0 of 250,899 0 of 250,899 
problematic wells 9 
discordant pos. 11 
concordant pos. 11 
pos. below 95% LOD 15 4 
pos. above 95% LOD 0 13 
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TABLE D2: Number of DEUF samples positive by ddPCR for each genetic target and an aggregate of all targets associated with 
pathogens (All Path) above the 95% LOD observed at each sampling point within IWS and CWS areas of Nagpur. 
 






ipaH hexon STh C18S All Path 
Karve Nagar ESR 
(n=3) 
0 0 0 0 0 0 0 0 0 0 
Karve Nagar Taps 
(n=14) 
3 0 1 1 1 0 1 0 1 5 
Khamla ESR 
(n=9) 
6 0 0 0 0 0 1 1 1 3 
Khamla Taps 
(n=9) 
7 0 1 0 1 0 1 3 0 6 
Laxmi Nagar Old 
ESR (n=9) 
6 1 0 0 1 0 0 2 0 3 
Laxmi Nagar Old 
Taps (n=9) 
6 0 0 0 0 0 0 0 1 1 
Pench 2 Post 
Disinfection (n=7) 
4 0 0 0 0 0 1 0 0 1 
Pench 2 Post 
Filtration (n=7) 
6 0 0 0 0 0 0 2 0 2 
Pench 2 Aeration 
(n=7) 
7 0 0 0 0 0 2 0 1 3 
Reshim Bagh ESR 
(n=3) 
0 0 1 0 0 0 0 0 0 1 
Reshim Bagh 
Taps (n=13) 




TABLE D3: Number of DEUF samples positive by ddPCR for each genetic target and an aggregate of all targets associated with 
pathogens (All Path) above the 95% LOD as observed in IWS versus CWS areas of Nagpur. 
 











6 0 1 0 0 0 1 1 1 4 
IWS Taps 
(n=36) 
11 0 4 3 4 1 3 6 1 22 
CWS ESR 
(n=9) 
6 1 0 0 1 0 0 2 0 3 
CWS Taps 
(n=9) 






TABLE E1: Exposure assessment equations as implemented in the IWS in India QMRA. 
 
Concentration of DNA gene targets in the eluate (gc/uL): 
 






CddPCR is the concentration of the target per uL of reaction mix (gc/uL), stochastic variable 
VddPCR is the volume of the entire ddPCR reaction, 20 uL 
ηddPCR is the efficiency of the PCR reaction, assumed 100% 
Vtemplate is the volume to the sample template added to the reaction, 4 uL 
 
Concentration of cDNA gene targets in the eluate (gc/uL): 
 
𝐶𝑒𝑙𝑢𝑎𝑡𝑒 =  
𝐶𝑑𝑑𝑃𝐶𝑅∗ 𝑉𝑑𝑑𝑃𝐶𝑅∗ 𝑉𝑅𝑇
𝜂𝑑𝑑𝑃𝐶𝑅∗𝜂𝑅𝑇∗𝑉𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒,𝑑𝑑𝑃𝐶𝑅∗𝑉𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒,𝑅𝑇
   (2) 
 
where, 
CddPCR is the concentration of the target per uL of reaction mix (gc/uL), stochastic variable 
VddPCR is the volume of the entire ddPCR reaction, 20 uL 
VRT is the volume of the entire RT reaction, 20 uL 
ηddPCR is the efficiency of the PCR reaction, assumed 100% 
ηRT is the efficiency of the reverse transcription reaction, assumed 100% 
Vtemplate,ddPCR is the volume to the RT product added to the ddPCR reaction, 4 uL 
Vtemplate,RT is the volume to the sample template added to the RT reaction, 10 uL 
 
Concentration of gene target in the lysate (gc/uL): 
 
𝐶𝑙𝑦𝑠𝑎𝑡𝑒 =  
𝐶𝑒𝑙𝑢𝑎𝑡𝑒∗ 𝑉𝑒𝑙𝑢𝑎𝑡𝑒
𝜂𝑒𝑙𝑢𝑡𝑖𝑜𝑛∗ 𝑉𝑒𝑙𝑢𝑒𝑛𝑡
  (3) 
 
where, 
Celuate is the concentration of the target per uL of eluate (gc/uL), from eq. (1) or (2) 
Veluate is the volume of the eluate added to the extraction column, 100 uL 
ηelution is the efficiency of the elution reaction, assumed 100% 
Veluent is the volume of the eluent added to the extraction tube, 500 uL 
 
Concentration of the gene target in the DEUF concentrate (gc/uL): 
 
𝐶𝐷𝐸𝑈𝐹𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 =  
𝐶𝑙𝑦𝑠𝑎𝑡𝑒∗ 𝑉𝑙𝑦𝑠𝑎𝑡𝑒
𝜂𝑙𝑦𝑠𝑖𝑠∗ 𝑉𝑐𝑜𝑛𝑐 𝑖𝑛𝑡𝑜 𝑙𝑦𝑠𝑖𝑠
  (4) 
 
where, 
Clysate is the concentration of the target per uL of lysate (gc/uL), from eq. (3) 
Vlysate is the volume of entire lysis reaction, 1000 uL 
ηlysis is the efficiency of the lysis reaction, assumed 100% 









Concentration of the gene target in the DEUF backflush (gc/uL): 
 
𝐶𝐷𝐸𝑈𝐹 𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ =  
𝐶𝐷𝐸𝑈𝐹𝑐𝑜𝑛𝑐∗ 𝑉𝑟𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑐𝑜𝑛𝑐
𝜂𝑃𝐸𝐺∗ 𝑉𝑏𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ 𝑖𝑛𝑡𝑜 𝑃𝐸𝐺




CDEUF conc is the concentration of the target per uL in the DEUF concentrate, from eq. (4) 
Vresuspended conc is the volume of the resuspended pellet following PEG precip, 4 mL 
ηPEG is the recovery efficiency of the PEG + ultracentrifugation process, %, stochastic variable  
Vbackflush into PEG is the volume of DEUF backflush subject to PEG + ultracentrifugation, 300 mL 
 
Volume of drinking water sampled by DEUF (L): 
 
𝑉𝐷𝐸𝑈𝐹 = 𝐴 ∗ 𝑉𝐷𝐸𝑈𝐹15 + (1 − 𝐴) ∗ 𝑉𝐷𝐸𝑈𝐹17   (6) 
 
where, 
A is a dummy variable for sample collection in 2015 or 2017, stochastic variable 
VDEUF15 is the volume of water sampled by DEUF during 2015, stochastic variable 
VDEUF17 is the volume of water sampled by DEUF during 2017, stochastic variable 
 
Concentration of the gene target in the drinking water (gc/uL): 
 
𝐶𝐷𝑊 =  
𝐶𝐷𝐸𝑈𝐹 𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ∗ 𝑉𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ
𝜂𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ∗ 𝑉𝐷𝑊
   (7) 
 
where, 
CDEUF Backflush is the concentration of the target per uL in the DEUF backflush, from eq. (5) 
VBackflush is the volume of liquid recovered during backflushing, mL, stochastic variable 
ηBackflush is the recovery efficiency of the DEUF backflush process, %, stochastic variable 
VDW is the volume of drinking water filtered by DEUF, L, from eq. (6) 
 





) =  𝐶𝐷𝑊 ∗  10
6 ∗  𝑉𝐷𝑊                    (8) 
 
where, 
CDW is the concentration of the target per uL of drinking water, from eq. (7) 




TABLE E2: Dose harmonization equations as implemented in the IWS in India QMRA. 
 
Dose response harmonization for Giardia duodenalis: 
 
𝐷𝐺𝑖𝑎𝑟𝑑𝑖𝑎(𝑐𝑦𝑠𝑡𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦) = 𝑏𝑒𝑡𝑎 𝑔𝑖𝑎𝑟𝑑𝑖𝑛 ∗  
1 𝑐𝑦𝑠𝑡
16 𝑔𝑐
  (9) 
 
Where, 
beta giardin is the dose of beta giardin gene (gc/day), from Eq. (8) 
 
Dose response harmonization for Cryptosporidium spp.: 
 
𝐷𝐶𝑟𝑦𝑝𝑡𝑜. (𝑜𝑜𝑐𝑦𝑠𝑡𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦) = 𝐶18𝑆 𝑟𝑅𝑁𝐴 ∗ 
𝑜𝑜𝑐𝑦𝑠𝑡
20 𝑔𝑐
  (10) 
 
Where, 
C18S rRNA is the dose of 18s rRNA gene (gc/day), from Eq. (8) 
 
Dose response harmonization for adenovirus 40/41: 
 
 






  (11) 
 
where, 
TCID50 is the median tissue culture infectious dose, the dose response unit for adenovirus 
hexon is the dose of hexon gene in (gc/day), from Eq. (8) 
 
Dose response harmonization and viability for ST-ETEC (STh): (12) 
 
𝐷𝑆𝑇−𝐸𝑇𝐸𝐶(𝐶𝐹𝑈 𝑝𝑒𝑟 𝑑𝑎𝑦) = 𝐵 ∗ 
𝑉𝑖𝑎𝑏𝑙𝑒𝐸𝐶 ∗  𝑆𝑇ℎ𝑑𝑜𝑠𝑒 ∗ 𝑦𝑏𝑏𝑊𝑔𝑐/𝑔𝑒𝑛𝑜𝑚𝑒 ∗ 𝑆𝑇ℎ𝑑𝑑𝑃𝐶𝑅




B is a dummy variable indicating the presence of culturable E. coli at an IWS tap given detection of 
ybbW, stochastic 
ViableEC is the culturable E. coli count as observed at IWS taps, CFU/L, stochastic variable 
SThdose, dose of STh gene in drinking water (gc/day), from eq. (8) 
ybbWgc per genome, ybbW gene per E. coli genome, 1 
SThddPCR is the STh gene copies per uL of ddPCR reaction mix, stochastic 
ybbW, concentration of ybbW gene in ddPCR reaction mix (gc/uL), stochastic 
SThgc per genome, STh gene copies per ST-ETEC genome, stochastic 















TABLE E2: Continued 
Dose response harmonization and viability for Shigella (ipaH): (13) 
 
𝐷𝑆ℎ𝑖𝑔(𝐶𝐹𝑈 𝑝𝑒𝑟 𝑑𝑎𝑦) = 𝐵 ∗ 
𝑉𝑖𝑎𝑏𝑙𝑒𝐸𝐶 ∗  𝑖𝑝𝑎𝐻𝑑𝑜𝑠𝑒 ∗ 𝑦𝑏𝑏𝑊𝑔𝑐/𝑔𝑒𝑛𝑜𝑚𝑒 ∗ 𝑖𝑝𝑎𝐻𝑑𝑑𝑃𝐶𝑅




B is a dummy variable indicating the presence of culturable E. coli at an IWS tap given detection of 
ybbW, stochastic 
ViableEC is the culturable E. coli count as observed at IWS taps, CFU/L, stochastic variable 
ipaHdose, dose of ipaH gene in drinking water (gc/day), from eq. (8) 
ybbWgc per genome, ybbW gene per E. coli genome, 1 
ipaHddPCR is the ipaH gene copies per uL of ddPCR reaction mix, stochastic 
ybbW, concentration of ybbW gene in ddPCR reaction mix (gc/uL), stochastic 
ipaHgc per genome, ipaH gene copies per ST-ETEC genome, stochastic 




TABLE E3: Dose-response equations as implemented in the IWS in India QMRA. 
 
Probability of infection with Giardia duodenalis given dose of cysts: 
 
𝑃𝑖𝑛𝑓 = 1 − exp (−𝑘 ∗ 𝑑𝑜𝑠𝑒)  (14) 
 
where, 
k is a parameter of the exponential model fit to dose-response data, stochastic 
dose is the ingested dose of viable cysts, stochastic variable, stochastic 
Probability of infection with Cryptosporidium given ingestion of dose of oocysts: 
 
𝑃𝑖𝑛𝑓 = 1 − exp (−𝑘 ∗ 𝑑𝑜𝑠𝑒)  (15) 
 
where, 
k is a parameter of the exponential model fit to dose-response data, stochastic 
dose is the ingested dose of viable oocysts, stochastic variable, stochastic 
 
Probability of infection with norovirus given dose of infectious particles, high-risk model: 
 
𝑃𝑖𝑛𝑓 = 𝑃 ∗ (1 − 𝑒
−𝑑𝑜𝑠𝑒
𝜇𝑎 )  (16) 
 
where, 
μa is the mean aggregate size, 1 
P is the fraction of population susceptible to infection (Se+), stochastic 
dose is the ingested dose, from eq. (8)  
 
Probability of infection with norovirus given ingestion of infectious particles, low-risk model: 
 







  (17) 
 
where, 
alpha is a parameter of the approximate beta Poisson model, 0.104 
N50 is the median infectious dose, 25 302.7 
dose is the ingested dose from eq. (8)  
Probability of infection with adenovirus given ingestion of infectious particles: 
 
𝑃𝑖𝑛𝑓(𝐷𝐴𝑑𝑒𝑛𝑜|𝛼, 𝛽) = 1 − 𝐹1 (𝛼, 𝛼 + 𝛽; −𝐷)1   (18) 
 
where, 
cV is the dose, from eq. (11) 
α is the exact beta Poisson parameter, 5.11 
β is the exact beta Poisson parameter, 2.80 










TABLE E3: Continued 
 
Probability of infection with ETEC given ingestion of viable CFU: 
 







  (19) 
 
where, 
alpha is a parameter of the approximate beta Poisson model, stochastic 
N50 is the median infectious dose, stochastic 
dose is the dose of viable ETEC (CFU), from eq. (12) 
 
Probability of infection with Shigella spp. given ingestion of viable CFU: 
 







  (20) 
where, 
alpha is a parameter of the approximate beta Poisson model, stochastic (see table) 
N50 is the median infectious dose, stochastic (see table) 






FIGURE E1: Lognormal model fit to observed concentrations of beta giardin (gc/uL) in 































FIGURE E2: Lognormal model fit to observed concentrations of Crypto. 18S rRNA 




FIGURE E3: Lognormal model fit to observed concentrations of norovirus GI and GII 



































































FIGURE E4: Lognormal model fit to observed concentrations of hexon (gc/uL) in ddPCR 




FIGURE E5: Lognormal model fit to observed concentrations of STh (gc/uL) in ddPCR 

























































FIGURE E6: Lognormal model fit to observed concentrations of ipaH (gc/uL) in ddPCR 




FIGURE E7: Lognormal model fit to observed concentrations of ybbW (gc/uL) in ddPCR 

























































FIGURE E8: Lognormal model fit to observed counts of E. coli (CFU/100 mL) at IWS 




FIGURE E9: The cumulative distribution of the daily risk of infection for Giardia 


































































FIGURE E10: The cumulative distribution of the daily risk of infection for 




FIGURE E11: The cumulative distribution of the daily risk of infection for norovirus 
associated with ingestion of tap water supplied by an IWS in India as estimated by the 











































































FIGURE E12: The cumulative distribution of the daily risk of infection for norovirus 
associated with ingestion of tap water supplied by an IWS in India as estimated by the low-




FIGURE E13: The cumulative distribution of the daily risk of infection for adenovirus 










































































FIGURE E14: The cumulative distribution of the daily risk of diarrhea from infection with 





FIGURE E15: The cumulative distribution of the daily risk of infection with Shigella 












































































FIGURE E16: The sensitivity of the estimated risk of infection with Giardia to model input 




FIGURE E17: The sensitivity of the estimated risk of infection with Cryptosporidium to 
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FIGURE E18: The sensitivity of the estimated risk of infection with norovirus (high-risk 




FIGURE E19: The sensitivity of the estimated risk of infection with norovirus (low-risk 
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FIGURE E20: The sensitivity of the estimated risk of infection with adenovirus to input 




FIGURE E21: The sensitivity of the estimated risk of infection with ETEC to input 
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FIGURE E22: The sensitivity of the estimated risk of infection with Shigella to input 
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